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The s>'stematic study of the ester hydrol3^ng enzjanes of vanous 
onuual matcnals has been desenbed in previous communications * 
Results obtained with the eel are presented in this paper 

Expenmenlal MeUiods 

Adult cels whose weights ranged from 86 gm to 337 gm were used 
Immediately after being killed, they were passed twice through a meat 
chopper If the solid material was to be tested directly, 0 67 gm por 
tioDS were weighed mto flasks and IS cc. water and 1 cc. toluene n^ded 
to each If extracts were to be tested, the requisite araount^of^ wioer' 
or solution were added to the weighed soUd, allowed to extract over- 
night at room temperature, filtered through paper, suitably diluted, 
and 15 cc portions used for the enzyme tests In every enzyme teat 
the concentration of the eel, in the form of original sohd, or of the 
eel extract corresponded to 44 4 mg of original material per cc. of mix 
ture or of solution tested Because of the Increases in volume vn the 
dialysis experiments it was necessary to plan for suitable adjustment 
of the concentrations of the original extracts Toluene was present 
throughout in every experiment 

Dialysis was carried out in collodion bags at 14-17^ for 15 to 24 
hours, either against tap "water where the flow was comparatively 
rapid and the outside liqmd not recovered, or against defimte volumes 

»C/ espedsMyJ Biol Chan 1924 Ui, 183 213,1924-25 1*2,687 697 / 
Pkyttol , 1925-26, vifi 75, 1925-26, ix, 651, / Am, Chan Soc 1924, xhd 1885 
J Cancer ResearcM, 1925, Ix, 105, 1926, x, 146 
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of distiUed Tvater with constant stimng and where the outside liquid 
was used for enz^-me tests 

The enzyme tests were earned out as desenbed in pre\nous com- 
munications ten different esters were used, as shown in the figures and 
in the table, 3 4 imlh-equivalents of each ester, incubation for 22 hours 
at 37-38°, titration with 0 1 N sodium h 3 'dro\ide solution with phenol- 
phthalem as indicator, and blanks and dupheates m every case 

Res III Is 

The relative hj^drolj’zmg actions of the sohd and different extracts 
on the ten different esters are shown in Figs 1 and 2 The averages 
of three closelj’ agreeing senes of expenmen ts are gi\ en m each cur\ e, 
the actions on phenjl acetate being largest and placed equal to 100 
m each case 

The cur\'es of the relative actions of the eel sohds and extracts 
showed no striking differences either when tested directly or after 
dial} sis agamst tap vater jNIinor differences, however, were indi- 
cated in the two figures 

The absolute enz^mie actions (actual titration \ alues corrected for 
blanks), are not gl^ en in detail for these expenmen ts Only the gen- 
- ^^h ^aor will be stated The solid matenal ga\e the largest 
actions, \he undialyzed aqueous and 50 per cent glj^cerol extracts 
ga\c much the same actions but somenhat less than the solid, while 
the undiahzed 10 per cent sodium chlonde extracts ga\c the small- 
est actions On dialysis, the absolute actions of the ^anous ex- 
tracts decreased except for the 10 per cent sodium chlonde extracts 
where the actions on phcn\l acetate, gljcerjl tnacetate, and methjd 
but\Tate were larger for the diahzed than for the undialj^zed 
extracts 

Table I shows the results of a complete expenment (Ex-penment 
TiO'i in whicli the enz}-me tests were earned out wath the solid eel 
material and the \anous extracts directh, on these same mixtures 
alter dialvsis against distilled water on the diah sates, and on the 
diahzcd mixtures to which the diah sates were added The concen- 
tr'non o' each mnxture tested was cqunxilcnt to 44 4 mg of onginal 
mavnal pc” cc o‘ “^niution tested The ’’Ctual titration \ alues, cor- 
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Fio 1 Averafics of relative ester hj’drol>’xlng actions of solid eel preparation 
and of undlalyzcd citracts- 

The 10 per cent NaO extracts were diluted for the tests to contain 3,3 per cent 
NaCl the 50 per cent glj'cerol extracts to contain 16 7 per cent glyccroL The 
curves of the relative actions of the solids and of the glycerol extracts were essen 
tially the same compared to these curves the aqueons extracts showed somewhat 
greater actions on the esters following phenyl acetate and gb'ceryl triacetate, and 
the 10 per cent NnCl extracts considerabl> greater for the last seven esters in 
comparison with the first three 
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rccted for blanks, arc given These represent the number of tenths 
of inilli-eqmvalents of esters hydrolyzed by the enzyme material 
under the conditions of the testy' 

The absolute values arc of ir rest in connection with the curves of 
relative actions shown In r ^ figures The figures in itahes were 
calculated from the results of the sepamte experimental values given 
in the table 

One staking result is apparent The calculated sums of the actions 
of dialysate and dial}"zed solution in a number of cases are less than 
the actions found experimentally when the two were mixed The 
dialysates by themselves showed practically no action except on 
phenyl acetate and glyceryl ta acetate and even here the actions were 
small The greater actions foimd experimentally as compared with 
the calculated include the following (f) Dialyzed sohd plus dialysate 
for the butyrates, beiuyl acetate, and isobutyl acetate, (g) dialyzed 
sohd plus hquid filtered from dialyzed solid plus dialysate for all the 
esters except phenyl acetate and glyceryl taacetate, but especially 
the butyrates, (h) liquid filtered from dialyzed solid plus dialysate, 
cspeaally for the butyrates and isobutyl acetate, (t) dialyzed glycerol 
extract plus dialysate, small differences for a number of the esters. 

These sepamtionB of certain of the enzyme materials into two parts, 
one of which is much less active than the onginal mixture and the 
other practically mactive, while the mixture is considerably more 
active than the sum of the two separate actions, are of mterest 
Such separations have been reported a number of times with various 
enzymes and the mactive portion termed “co-enzyme,” The results 
presented here show that the solvent used mfluences the posaibUity 
of the separation and that the action of the co-enzyme may be very 
different for different substrates No explanation is at hand for the 
action of the co-enzyme, but its greater Influence on the hydrolysis 
of the butyric esters may possibly be of significance 

The absolute actions given m Table I supplement the relative 
actions shown in Figs 1 and 2 

The ester hydrolyzmg actions of the eel preparations were studied 
also at 14-17° It was found that the actions on some of the esters m 
22 hours were greater at the lower temperature than at 37-38° This 
was shown to be due, in the mom, to the combination, or opposing 
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natures, of two actions, one, the different rates of inactivation of the 
enzyme at the two temperatures, and the other, the different hydroly- 
tic actions of the enz3Tne at the same two temperatures These re- 
sults, as well as others bearing on the problem of enzyme actions at 
different temperatures have been presented elsewhere,^* and will there- 
fore only be referred to in this connection 

SUMMARY 

The hydrolyzmg actions of vanous preparations of the adult eel 
were studied on ten esters in the usual way The results are presented 
in the form of curves for the relative actions and m a table for the 
absolute actions obtained in one complete experiment 

The separation of the enzyme matenal in some cases into an active 
portion and a co-enzyme, the mixture showmg greater actions on some 
esters than the sums of the mdividual actions, is descnbed and 
discussed 

* Noyes, H M , Lorberblatt, I , and Falk, KG,/ Biol CItem , 1926, kvui, 
135. 
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IL The Action ot the Chlorides oe Lead, Mercury, Cop- 
per, Iron, and AmiaNtm on the Protoplasu 

op AhcEBA PROTEUS 
By PAUL REZNIKOFF 

(From Cornell Umtcmty Ifedtcal CoFr|«, New York) 

(Accepted for publication June 22, 1926,) 

The effects on protoplasm of some of the cations found in physio- 
logical systems ha\e been reported in a previous communication (1) 
This study utihscd the mlcmrgical technique and the advantages of 
such a method o\cr that of simple immersion were pointed out in 
detail Only by combining the results of injecting substances into 
the hving cell with those obtained by the immersion method can one 
obtain proper conceptions of such important physiological problems 
05 those of permeability, site of toxic action, antagonism of ions, and 
protoplasmic conaistcncj 

Our Icnowledgc of the action of heavy metals has been limited be- 
cause of the difficulty in localizing the effect of salts in definite ports 
of the cell The rapidity with which a cell or tissue reacts has usually 
been considered to mean ease of penetration (2, 3) But this is not 
necessarily the case Even where some change has been noted m 
side the cell one cannot be certain that it might not be due to a sur 
face effect which involved a secondary change withm the interior or 
that it was not caused by the abstraction of some substance from the 
mtenor of the cell 

In a review of the work dealing with the action of disinfectants, 
especially HgCb, Cohen (4) pomts out that previous contnbutions 
deal mainly with the course of the process and not with the mechanism 
concerned The micrurgical method Is especially adapted to a study 
of the mechanism of the reactions between salts and protoplasm be- 
cause of the ease with which substances can be brought into direct 
contact With defimte parts of the cells The importance of many 
9 
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of the metals in certam physiological (5-7) and pathological (8-10) 
problems suggested their study by means of rmcrurgy With the 
aid of microdissection and injection, therefore, the effects of the 
chlondes of lead, mercury, copper, iron, and alurmnum on Amceba 
proteus were mvestigated It is the purpose of this paper to present 
the results of immersmg and teanng amebse m solutions of these 
salts and of mjecting such solutions into these cells 
The mampulation of the apparatus, the general experimental 
techmque, and the terms used, have been fully descnbed in our for- 
mer paper (1) and the reader is referred to that report for the details 
of the procedure The only general modification of the method 
used m the experiments descnbed m this paper was that m most of 
them fewer amebae were used This seemed justifiable because of 
the relatively constant quantitative results with several thousand 
amebae from the same stock in former experiments 


I 


Immersion Experiments 


PbCk — PbCh undergoes gradual hydrolysis in solution, with 
mcrease m aadity, and not until a dilution of m/5500 is reached can 
a solution be mamtamed at pH 5 If ameba are immersed in de- 
creasmg concentrations of such solutions of PbCb, they undergo a 
slow change in shape They gradually retract their pseudopodia 
and assume the eUiptical form of the so caiUed Limax type The 
surface is stiffened and the ameba becomes very sluggish FmaUy 
the cell becomes roimded and then dies The curve labelled PbClj in 
1 illustrates the relatively slow action of PbCls It is toxic 


'Eventually m even very great dilutions Amebae cannot survive 
than 5 days until a dilution of m/22,000,000 is reached 
— Amebae immersed in HgCk die very rapidly compared 
V EEi most of the other salts (Fig 1) In solutions stronger than 

Uv . converted into small round masses In solutions 

'' m/ 8000 to m/250,000 the plasmalemma breaks and the 
' scatter but sohdify rapidly Fig 1 shows that 

' ' '■^xicity for HgCl; is relatively steep A solution of 
i in 1 hour, but amebai survive more than 5 days 

the immediate effect may not be due entirely to 
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tlie aadity which develops when HgClj is dissolved in water is shown 
by the fact that amebfc can hve normally m water at pH 6 but die 
rapidly in the presence of an m/64,000 solution of HgCUof the same 
pH 

CiiCli — ^The reacbon of an m/1000 solution of CuQi is pH 5 5 
1 day after the salt is dissolved. After 3 days the aadity mcreases 
to pH 4 8 Inuneraion of amebre m these solutions of CuQi causes 
the amcbffi to become rounded and the contractile vacuole to m 
crease in size During the first 3 days of immersion omehwe die in a 
considerable range of dilutions (Fig 1) In solutions weaLer than 
ii/4,100,000 toxiaty decreases abruptly 



Flo 1 Mabflity of amebec immeraed m decreasing concentrations of s*lt solu 
tions (Pbai HgOj CuCh FeQa FeCI, AlCl,) 


VtCli ■ — The aadity oj solutions ol FeQi increases rapidly on 
standing, the greatest amount of change, however, occumng early 
For example, a solution as dilute as u/66,000 changes from pH 6 2 
to pH 5 in 4 days These solutions of FeCI* cause immersed amebie 
to become rounded and the crystalloid granules within the ameba 
become blackened FeQj is relatively non toxic during the first 
2 days of immersion after which time the toxiaty increases rapidly 
(Fig 1) Thus, amebae can live m a more dilute solution than m/500 
for 2 days but cannot hve for 5 days until an u/128 000 solution is 
reached 

FeCZj ^ — Solutions of FeClj gradually mcreasc m aadity {e g 
m/325, 000 has a reaction of pH 6 2 when first made and is more aad 

^ In preparing solutions of FeCU the molecular weight was taken as 540 44 
(FcaO, 12HiO) 
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than pH 5 in 5 days) FeCh is much more toxic but produces the 
same visible effect as the salt of divalent iron The amebse become 
rounded and the crystalloid granules blacken The maximum toxic- 
ity IS approached after 1 day of immersion (Fig 1) Subsequently 
the curve of toxiaty nses more steeply than for any of the other salts 
used m these experiments 

AlCh — Solutions of AlCh are aad m reaction over a considerable 
range (an m/64,000 solution has a pH of 5) This salt, m concentra- 
tions of m/400 and higher, causes the amebse to become round rapidly 
In solutions from m/400 to m/32,000 the amebse contmue to move 
about until their surfaces break The most stnkmg effect of the 
salt IS the tremendous enlargement of the contractde vacuole (Fig 2) 
This occurs in concentrations of m/2,000,000 and stronger The 



Fig 2 The effect of AlClj on amebs m injection (m/32 to m/250) and in 
immersion (m/400 to m/2,000,000) experiments 

Note tremendous enlargement of contractile vacuole 


granules are pushed against the plasmalemma by the distended 
vacuole In very dilute solutions, m which the amebse may live 
beyond S days, the large contractile vacuole may persist for 2 or 
3 days but then decreases to its normal size and the ameba recovers 
completely The curve of toxiaty of AlCb is fairly steep (Fig 1) 


n 

Injeckm Expenvients 

PbCk — ^In solutions stronger than m/1000, PbCU is changed rapid- 
ly into the msoluble carbonate by the abstraction of COi from the air 
The mjecUon of PbCl. m concentrations rangmg from m/1000 to 
m/20,000 (Fig 3) causes the gradual appearance of an irregular, 
glassy mass contaimng very few granules The streammg move- 
ments m the rest of the ameba are very active and the glassy mass is 
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extruded A second injection immediately after the first result* in 
no solidification li a large amount is introduced/ the surface of the 
cell may break. If a second injection is made 20 mmutes or more 
after the first, a second solidification and extrusion of the affected 
region may occur Subsequent injectjons have no effect on the via- 
bility of the amebo, whether extrusions do or do not occur 
The effect of TbQj in causing a delayed coagulation after the first 
injection and no coagulation after on immediate second injection, 
suggest that in the reaction between PbClj and the protoplim the 
lead uses up some cellular constituent which gradually forms anew in 
the celt This harmonizes with the suggestion made by Aub and Res- 



Fio 3 Recovery of protopUsm of ameba from injection of decreasing 
concentrations of PbClj HgClj CuQj, FcCij FcOj and AlClj The curve 
labelled HgClj is represented bj a broVenlinc becanse no plndtiing o5 of the rc^on 
injected occuti. The broken line m the curve labelled FbCHj indicates an abrupt 
tranildbn from the pinching off of the coagulated region to the water effect. No 
intermediate stages are seen 

nikoff (11) that lead, in the small concentrations used m these espen 
meats, unites with the phosphates or carbonates of the celL The 
delay in the formation and the peculiar glassy appearance of the 
sohdified mass m the cytoplasm also point to a different type of reac 
tion between protoplasm and lead than those obtained with the 
other coagulating ions studied, 

BgCk — solution of jr/5 to ii/50HgCh causes an immediate solid- 
ification of the internal protoplasm (Fig 3) With solutions of 
u/100 to 11/1600 the surface breaks and some of the contents of the 
ameba flows out. Small amounts of ir/300 HgCl* cause a disraption 
of the surface with subsequent recovery injeebons of small amounts 
of 1£/600 produce no break and the ameba readily recovers from the 
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breaks caused by larger injections A moderate quantity of 11 /I 6 OO 
causes no break but the ameba may pinch off the somewhat sohdi- 
fied mjected region An injection of an m/2400 solution even m large 
quantities causes no disruption of the plasmaleimna 

The results mdicate that both very high and very low concentra- 
tions of HgCh act pnnapally on the intenor of the cell Moderate 
concentrations erode the plasmalemma 

CnCk — ^The mjection of solutions of CuCli causes a sohdification 
of the affected region and a dismtegration of the adjacent surface 
With m/16 the ameba can pinch off the affected region (Fig 3) 
Stronger solutions sohdify the entire cell Not until m/8000 is reached 
does this sohdification process cease Each successive mjection 
of CuClj in concentrations ranging from m/16 to m/8000 causes the 
pmchmg off of the sohdified area with its dismtegrated surface 
After the sohdified area is pmched off, the remnant is apparently 
normal except for a temporary moderate enlargement of the con- 
tractile vacuole Some enlargement of the contractile vacuole also 
occurs when very dilute solutions are injected with no resulting local 
sohdification 

— Solutions of FeCh stronger than m/32 sohdify the internal 
protoplasm with which they come mto direct contact (Fig 3) With 
m/32 the affected portion is usually pmched off m/64 causes a 
quiescence and partial sohdification of the mjected region, which is 
subsequently remcorporated by the active portion of the ameba 
Large amounts of m/512 may sometimes cause death, but moderate 
quantities of m/32 to m/64 as a rule are not fatal The method by 
which the ameba constncts off the sohdified part when FeCh is in- 
jected IS somewhat different from that observed with most other 
sohdifjmg agents Instead of a sharp constnction between the m- 
jured and healthy portions ( 1 ), the ameba forms a hne of demarcation 
between the healthy and affected area and the hvmg part flows around 
the sohdified region so that the latter hes m a deep depression and is 
slowl> extruded as the depression is everted (Fig 4) The surface of 
the extruded region has no defimte pelhcle m some places The 
hvmg portion appears normal except for a shghtly enlarged contrac- 
tile v'acuole 
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VeCli — FcCU is much more toxic than the divalent chlonde of 
iron to the mtemal protoplasm (Fig 3 ) A small injection of 11/I6O 
solidifies almost the entire ameba and the streaming movements of 
the unaffected region, which are apparently attempts to pmch itself 
off, soon cease and the whole cell is killed From m/320 to m/1280 
pmching off usually occurs after each injection Occasionally, after 
the introduction of m/320 the ameba may incorporate the affected 
mass With m/5120 an extrusion of a small mass from the injected 
region ma> occasionallv occur after repeated injections FeCU 
causes the ameba to become sluggish and no typical water effect 
(1) Is obtained until a dilution of m/10,240 13 reached Im 



Fio 4* Injection of u/32 FeClj Into uneba, a before Injection b soUdlfi 
cation of the region injected e d c f and [ extrusion by sliding around solidified 
area k complete separatKm of living remnant from dead area, 

mediately after injection the vacuole of the ameba enlarges to some 
extent 

AlCly — ^The introduction of AlCh has a very striking effect on the 
ameba. In strengths of m/16 and stronger the mjected area Is sohd 
ified (Fig 3 ) 11/8 affects the entire ameba but when a solution of 

m/16 13 introduced only the portion injected la solidified and is sub- 
sequently pmched off by the unaffected part of the ameba. The 
injection of m/32 also causes solidification, and pmchmgoff may occur 
If the mjection is made near the edge of the celL However, m many 
such cases the ameba may reincorporate the affected mass after it is 
almost separated from the living portion, as though it were a foreign 
body The sohdified portion, held by a narrow band is finally en 
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gxilfed by the ameba and is soon completely absorbed The var- 
ious steps of this process are illustrated m Fig 5 One of the most 
marked features of the mjection of AlClj m concentrations rangmg 
from m/32 through m/250 is the tremendous enlargement of the con- 
tractile vacuole (Fig 2) This is identical with the results obtamed 
m the immersion experiments The ameba recovers from this 
condition, which may last from a few hours to several days, depend- 
mg upon the concentration of AlCb mjected The similanty in 
appearance of the mtemal protoplasm m immersion and mjection 
experiments mdicates a high degree of permeabihty which is m accord 
with the findmgs of Michaehs (12) 



Fig 5 Injection of ii/32 AlCh mto ameba, a, before mjection, b and c, un- 
mjured portion flowmg away from mjected area and beginning to pmch it o5, 

d, almost complete pinching off and begmnmg of engulfment of mjured region, 

e, completion of engulfment,/, mcorporation, g, return to normal state 

m 

Tearing Expenmenis 

Because of the marked toxiaty of even dilute solutions of the heavy 
metal salts to immersed amebae, it is very difficult to mamtam them 
ahve and m good condition long enough to react visibly to a teanng 
operation Thus, m HgCh and FeCU the rapidity of action of the 
salts is so great compared to that m salts like AlCb and PbCU that the 
amebas are dead before the needles can be brought mto use There- 
fore the results of these experiments merely show the dilution at 
which the immersed amebae remam ahve long enough to react to a 
marked trauma of the needle This, of course, vanes with the rate 
of the action of the salt on the plasmalemma 
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With this limitsUoQ m view the foUoimg table indicates the re 
parabihty of the tom surfaces of omeb® immersed in these salts 


S4lt. 

Omtnt coBcmuttfap 
nlu to wUiefa t«pAir o< 

pt*cc. 

Aia 

U/J20 

PbO, 

K/l 000 

Fed, 

11/2 000 

CaO, 

u/S 200 

FeOi 

u/10 200 

UgOj 

u/24 000 


DISCO SSION 

These eipeiimcnta present some evidence as to the actual mecha- 
msm involved in the effect on protoplasm of the salts tested An 
attempt to group the entire action of all the heavy metals mto a com 
mon process cannot be JustifietL There is, however, one common 
feature which merits consideration All sedts used m this work, 
PbQ , HgCla, CuQtf FeCli, FcCb, and AlGj, hydrolyze to form 
strong aads Atorcover, this process of hydrolysis takes place over 
an extended period of time This has been studied for lead salts by 
von Endc (13) Coinadent with the increase in addity the amebie 
gradually die and it is probable that this hberation of oad is at least 
one important factor in their death 

The marked toxiaty of these salts when amebce arc immersed m 
them as compared with the results obtained when the salts ore in 
jeeted mto the amebae mdicates that the lethal action of these sub- 
stances is on the surface of the cell In no case was the solution suffi 
Gently oad to produce an effect on the internal protoplasm by its 
eadity alone This has been shown by experiments previously 
reported (1), in which repeated mjections of a solution of HQ at a 
reaction of pH 3 had no effect on the internal protoplasm but immcr 
Sion m HQ at a reaction of pH 5 was lethal in a short time This 
lends further support to the view that the action of the salt when 
mjected is due to the cation alone, and that when the ameba is 
immersed m the solution the effect on the surface Is due to 
the presence of the aad, which Is being constantly produced, as 
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ell as to the metal cation It might, however, be suggested that 
the bufters in a cell can effectively neutralize any acid formed by 
hydrolysis But the possibffity must be considered that local effects 
may occur, for example on the surface, and cause irreversible changes 
before buffering of the aad takes place This has been suggested by 
Aub and Rezmkoff (11) as a possible mechamsm in the action of 
lead on cells 

That the relative non-toxiaty of the salts on the mtemal proto- 
plasm may be due to their outward diffusion is not probable No 
direct evidence for such outward diffusion was found in the case of 
NaCl (1), and the salts used in these experiments form much more 
stable compounds with protoplasm than does NaCl 

Some of these salts seem to have an effect on a specific part of the 
cell, dependmg upon their concentration This is particularly true 
for HgCU as has been found also by Bechhold (14) with red blood cells 
and by hlacinnes (15) Aspergillus niger There is an indication, 
therefore, that vanous chemical combmations may be formed be- 
tween the toxic substance and the different constituents of the cell 
dependmg upon the relative concentration of the toxic agent used 
Krahe (16) suggests that the action of HgCl^ is due not only to its 
lomzation but, m certam concentrations, to its hpoid solubihty 
The gradual mcrease m toxiaty of FeClj m the immersion expen- 
ments may be assoaated with its gradual oxidation to the tnvalent 
iron salt which is rapidly toxic In this connection it is mterestmg 
to note that Buschke, Jacobsohn, and Edopstock (17) beheve that 
the “ohgodjmamic” action of metals depends to a great extent on 
the ionization of their salts and on an oxidation process 
PbCU, m the concentrations used m these experiments, probably 
acts by umtmg with the phosphates or carbonates of the cell and 
thus hberatmg free aad Such a secondary reaction is mdicated by 
the slow rate of toxiaty 

A stnkmg feature brought out by these experiments is the greater 
\ anation in the ^^ablhty of different amebse in these solutions when 
compared to that vhich occurs in salts such as NaCl, KCl, CaCl«, 
and IilgCU (1) 

In attemptmg to determme the mode of action of a toxic substance 
on a cell it is necessaiy to consider all the possible mechanisms in- 
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\ol\cd A tone agent ina> (o) affect the plasma membrane onl>, 

(b) affect both the plasma membrane and the internal protoplasm, 

(c) lea\c the plasma membrane unharmed and injure the internal 
protoplasm, or (d) may not enter the cell but affect it by abstracting 
a necessary constituent In considering the third possibihty (c), 
there is no evidence avnflable so far, to support the behef that a 
substance may pass through the plosmalemma in a non toxic form 
and b) some chemical alteration may change mto a toxic form inside 
the cell or may be harmful to the internal protoplasm only A con 
sideration of the other possibihlies, (a), (t), (d), suggests that a sub- 
stance either abstracts a necessary constituent from the cell or pn 
marily affects its surface All visible evidence obtamed so far points 
to the fact that toxic agents affect the surface of the umnerBed cell 
So consistent is this result that the suggestion may be made that the 
mamtenance of the surface membrane in a normal state is necessary 
for the life of the cell 

CONCLUSIONS 


I Plasmalanu a 

1 The order of toxiaty of the salts used In these experiments on the 
surface membrane of a cell, talJng os a entenon viabihty of amebx im 
mersed in solutions for 1 day, is HgQj, FeCh> AlG 3 >CuCl 5 > 

pba>Fea 

Using viabihty for 5 days as a entenon, the order of tonaty is 
Pbaj> Cuai> HgCl,> AlCh> FcCU> FeCh 

2 The rale of toxiaty is m the order FeCl,>HgCl 3 > AlClj> 
Fca,>CuCh>Pba, 

3 The abihty of ameba; to recover from a marked tear of the 
plasmalerama m the solutions of the salts occurred in the following 
order AlCh>Pba3>FeCli>Cua3>Fea,>HgCl5 

n Internal Protoplasm 

4 The relative toxiaty of the salts on the internal protoplasm, 
judged by the recovery of the amehn from large Injections and the 
range over which these salts can cause coagulation of the internal 
protoplasm is in the foUowmg order PbClj>CuClj>FeCIj>HgCl 5 
>Feaj>AlCh. 
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5 AICI3 in concentrations between m/32 and m/250 causes a 
marked temporary enlargement of the contractile vacuole FeClj, 
FeCU, and CuCh produce a shght enlargement of the vacuole 

6 PbClj, m concentrations used m these experiments, appears 
to form a different t3T)e of combmation with the mtemal protoplasm 
than do the other salts 

HE Perjneabiltiy 

7 Usmg the similanty m appearance of the mtemal protoplasm 
after mjection and after immersion to mdicate that the surface is 
permeable to a substance m which the ameba is immersed, it is con- 
cluded that AICI3 can easily penetrate the mtact plasmalemma 
CuCla also seems to have some penetratmg power None of the 
other salts studied give visible mtemal evidence of penetrabffity mto 
the ameba 

IV Toxtciiy 

8 The toxic action of the chlondes of the heavy metals used in 
these experiments, and of aluminum, is exerted prmapally upon the 
surface of the cell and is due not only to the action of the metal 
cation but also to aad which is produced by hydrolysis 
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A SIMPLE ELECrmO-ULTRAFILTEIL 


By JACQUES J DROVFENBRENNEIE 
{From the Laboratories of The Rociefeller Institute for Medical Research ) 
(Accepted for publication Julj 18 192d ) 

It 13 frequently desirable to free colloidal solutions of electrolj tes 
but the process of ordinary dialysis is very slow and often cumbersome 
Although the rate of diffusion of electrolytes out of the solution ma> 
be increased by means of electrophoresis, the limited choice of mem 
branes a\Tulable for use with the existing apparatus often leads to 
unequal rates of passage of the ions to the respective electrodes, and 
to greater or less marked changes m the hy drogen ion concentration 
of the solution subjected to dialysis 

We have encoimtered these difficulties m attemptmg to dialyze the 
solutions contouung bacteriophage and have been successful m over- 
commg them by combimng the pnnaple of ultrafiltration with 
electrophoresis 

Our apparatus consists essentially of three concentric chambers, 
of which the middle one Is formed by the coUodion membranes de 
posited on the surfaces of two alundum thimbles (8 and 9, Fig 1, a) 
The other two chambers serve for removmg the dialyzed electrolytes 
from the membrane by means of a stream of cold water 

The different parts of the dialyzing apparatus are as follows 

(1) A glass tube* (3 mm. diameter) supplying distilled water from the reservoir 
(20) to the inner surface of the alundum thimble (8) ctn^dng the podthTly charged 
raembnme. 

(2) A rubber stopper securing the position of the glass tube (1) m place 

(3) A glnw T tube draining by suction Into receptacle (21) 

(4) A rubber collar secunng an air tight connection between the T tube (3) 
and the carbon (5) 

(5) A soft core arc lamp carbon 12 mm. In dumetcr and 150 mm long bored 


t This tube Is shghtlj flared out at the lower end and carries a rubber washer to 
make an air ti^t connection at the lower end of the carbon so that at this point 
the glass tube is patent, but the hollow carbon (5) Is not 
23 
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out to admit fredy the glass tube (1) and connected with the positive wire of the 
electnc current 60 mm from the sbghtly tapered lower end of the hollow carbon, 
a 2 mm hole permits the return flow of water from the inner chamber around the 
glass tube (1) and up to the collectmg flask (21) 

(6) A rubber stopper, No 13, shelved at its lower end so that a projection 10 
mm deep and approximately 34 mm m diameter is left to accommodate the outer 
alundum thimble (9) 

(7) A piece of rubber tubing making an air-tight connection between the carbon 
and the alundum thimble (8) 

(8) A Norton alundum thimble, No 10472 RA 360, 17 mm m diameter and SO 
mm long After this part of the apparatus has been assembled, a collodion 
membrane of the desired degree of permeability is deposited, under pressure, on 
the outer surface of the thimble (8) For this purpose the T-tube (3) is connected 
with the vacuum pump, the rubber tube at (1) is clamped off, and the thimble, 
while under negative pressure, is dipped mto the solution of collodion m glaaal 
acetic aad“ for 60 seconds The connection with the vacuum pump is now broken, 
the excess of collodion is allowed to nm off, and the coated surface is placed mto 
nmnmg warm water to coagulate the collodion and to remove the aad The 
removal of the last traces of acid is most quickly accomplished by assembhng the 
entire apparatus and usmg electrophoresis The membranes can be used repeatedly, 
pro\’ided they are kept m water when not m use Their permeabihty remams 
practically constant if they are not allowed to To renew the membrane it is 
necessarj" to remove the thimble, allow it to dry m air, and when thoroughly dry 
to mcmerate it m the open flame 

(9) Norton alundum thimble. No 6406 RA 360, 34 mm m diameter, 100 mm 
long The mner surface of the thimble must be glazed for a distance of 10 mm 
from the top, and the collodion membrane that is deposited upon its inner surface 
ends at this glazed nm For this purpose, the thimble is fitted by means of a 
suitabl) cut rubber stopper mto a cylmdncal funnel, and attached to the vacuum 
pump so as to appl} negati\e pressure to the outside of the alundum The thim- 
ble IS then filled with collodion for 60 seconds, the collodion is poured off, and warm 
water used as before The glazed surface wall be found to shp easily over the 
projectmg portion of the rubber stopper (6) 

(10) Brass wire gauze, 120 mesh, tightly wrapped around the thimble (9) and 
held m place b\ dips connecting it with the lead (12) from the negative pole of the 
electnc circmt 

(11) A glass tube with rubber stopper at each end, canwmg the negative lead 

( 12 ) 

(12) Lead from the negative pole of the arcuit 

(13) Glass tube carrjnng distilled water from the reservoir (19) to the middle 
chamber contammg material for dial>^is 


- Bechhold, H , and Gutlohn, L , Z aug Chem , 1924, xxxvu, 494 
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(24) \acuum gauge 

(25) Vacuum motor (wmdshield wiper) 

{A) Weston ammeter (Model 280) 

(F) Weston voltmeter, mth switch (Model 280) 

(i?) Slidmg resistance, 650 ohms 

The parts, as well as the assembled apparatus, may be obtamed from 
Elmer and Amend, New York City 
The high effiaency of this apparatus is due to several arcumstances 
The dialyzmg surfaces are very large, considermg the total capaaty 
of the apparatus, the relative sizes of the membranes can be vaned 
by usmg thimbles of appropnate sizes, the permeabihty of the mem- 
branes is easily vaned by changmg the density of the collodion used 
m coating the thimbles, the rate of dialysis is speeded up by a constant 
removal of the dialysate by a constant flow of water at each electrode, 
the constant flow of cold, distilled water at the electrodes permits the 
use of high voltage (110-115) without an excessive nse m temperature, 
the matenal subjected to dialysis may be kept from becommg con- 
centrated by diluting it dunng dialysis, the whole dialyzmg chamber is 
agitated, thus preventmg the deposit of sohds on the membrane If 
necessary, the charges on the electrodes may be reversed by usmg a 
nickel screen mstead of copper, and thus further adjustment m the 
relative rate of migration of ions may be accomplished 

In the sketch the outflow from both electrodes is mixed in the 
receptacles (21) and (22) If desirable, it is possible to collect the 
dialysates separately by leading tube (3) to a separate receptacle 
analogous to (21) and sirmlarly connected to the vacuum pump 
The value of combmmg electrophoresis with ultrafiltration may be 
seen from the following When 20 cc of broth were placed m the 
dialyzmg chamber and the full current was turned on, the ammeter 
read 4 5 amperes If this amount of broth were dialyzed without 
current, it would require 3 hours to mcrease its resistance to the pas- 
sage of current suffiaently to give an ammeter readmg of 0 016 
YTien dialysis was combmed with electrophoresis, a readmg of 0 013 
amperes was reached in 45 mmutes 



INTERPRETATION OF THE LACTATION CVRWZ 

BrW L GAINES 

tbi D^parlrntni cf Dairy nushandr^ Unvxruty of litmois Urbana) 
(Accepted for puhlicatkm, June 9 1926,) 

INTRODUCTION 

The term lactation curve la used to refer to the curve representing 
the rate of milk secretion vnth advance in lactation It has been 
known for some years that the group lactation curve for the dairy cow 
15 of a desamding exponential type SlurtetTint^ first published herd 
data from which he concluded that the milt yield for any month 
showed a decrease of about 9 per cent as compared with the month 
precedmg Brody, Ragsdale, and Turner,* seeking to correlate the 
course of milk secretion with the laws governing the rate of chemical 
reactions, have expressed the lactation curve in the form of an ex 
ponential equation, Jfj « in which Aft is the rate of yield at 

any time, /, and M, is the initial rate of y icld This is the type of 
equation representing the course of a monomole cular reaction in which 
il* would represent the initial amount of the substance undergoing 
such reaction and if* would represent the amount of the substance 
remaimng unchanged at any time, / This similant) in form of the 
equations Brody d al interpret in favor of a limiting substance govern 
ipg the maximvim rate of milk secretion at any stage of lactation, the 
limiting substance imdcrgoing monomolecular change which inacti 
vates It so far as its efiect on the rate of milk secretion is concerned 

The above results arc based on the raw data of milk yield It has 
been shown by Gaines and Davidson* that the equation applies even 
more closely to the data of energy yield than it does to milk yield 
While the equation is admirably adapted to desenbe the lactation 

* Sturtevant, E L, Rtp Tt ork {Gtnm) Ayic Exp Slaiion 1886 21-23 

* Brod) S , Ragsdale A C and Turner, C W , / Gtn Phynol l922'-23 
v,44i 

* Gaines, W L and Davidson, FA/ Gtn Phyncl 1925-26 k 325 
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represents the rate of yield at the middle of that month, with an en- 
tirely ncghgible error Enei^ value of the milk solids had been used 
as being the most fundamental of the several available measures of 
yield The distnbution of the k values of these records, excluding 
142 which were highly irregular, are given in Fig 1 For a chemical 
interpretation of the lactation curve we may consider that the data 
of Fig 1 represent 1534 determinations of the veloaty constant k 

It will be noted from Fig 1 that the k values fall into a quite regular 
order approaching* a normal distribution The mean of the array is 
04425 dr 00055, standard deviation, 03219 d: 00089, and coeffiaent 
of vanabihty, 72 75 dr *89 There is thus shown a high degree of 
variabihty in the k constants 

Ascending LacUtlton CitrsKS 

It IS to be noted further that 83 of the lactation cur\ cs, 5 41 per cent 
of the total, show negative k values, that is, the slope is positive 
The velocity constant is not only highly variable, but apparently 
even reverses its mgn in an appreciable number of cases Obviously 
some modification of the simple monomolecuJar interpretaticm is 
necessary 

The group behavior of these ascendmg records is not in good con 
formity with the equation type, being somewhat aberrant at the start 
and finish* Indeed, to anyone conversant with the great energy trans- 
formations performed by the lactating cow it would be absurd to 
suppose that the lactation curve could continue to ascend for more 
than a limited time* The pomt that any hypothesis must satisfy is 
that within this group the curve does ascend for 9 or 10 months 

Irregular Laciatton Curves 

Under this head ore to be considered the 142 records not included 
in Fig 1 and necessary to complete a representative sample of the 
Guernsey records The average of this group of irregular records is 
given in Fig 2 together with 4 individual curves to show the diversity 
of the records that enter Into the average If the monthly yields arc 
plotted on a loganthmic scale against time on an arithmetic scale 
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realization of the maximum, but the difficulty hes m accounting 
for the plus deviations which serve to counterbalance the mmus 
devnations 

Factors A feettng the Rate of Decrease 

That the k \alues of the lactation curve equations are greatly 
affected by conditions of feeding and management of the herd is 
suffiaently evident from the difference m the performance under 
advanced registry conditions and conditions of commeraal milk 
production It may be presumed that the same cows that show under 
advanced registry a mean h value of 044 would show under the less 
favorable commercial conditions a mean value of 09 to I Ob 
viously nutntional conditions are a powerful factor affecting the rate 
of decrease 

The k values are also closely related to the imtial rate of yield, 
the correlation between k and A bemg r « ff35 db 012 On the 
limiting substance theory the imtlal quantity of this substance is 
directly proportional to A The limitin g substance is assumed to 
disappear in accordance with a monomolecular reaction The veloaty 
constant of the reaction must be assumed, therefore, to vary directly 
with the initial amount of the Umitmg substance, in order to satisfy 
the observed results One of the laws of ummolecular reaction is 
that the veloaty constant is the same regardless of the concentration 
of the reactmg substance. Consequently, the observed relation 
between h and A is in conflict with the theory of a limiting substance 
end its monomolecular mactivation 

On the other hand, regarded as a nutntional matter rmd bearing m 
min d the large energy requirements of lactation, it is not surpnsmg 
that the rate of decrease should be greater the greater the initial rate 
of yield 

SIJIIIIAIIY 

The vahdity of the assumption of a substance determinmg the rate 
of milk secretion and undergoing monomolecular destruction, based 
on group behavior, is questioned on the evidence from a large number 
of mdividual lactation curves. It seems probable that the rate of 
decrease in the rate of milk secretion with advance m lactation is 
dependent upon factors of a nutntional nature. 




RATE OF RESPIRATION AS RELATED TO AGE * 


By J MILTON HOVER act FELIX G GUSTAFSON 

(Frt>/n tht Dtparimenl of Boiany of the Untrcrfity of Mickitan, Ann Arbor) 

(Acc^ted for publication, June 21, 1926 ) 

It is usuaDy stated in the literature that respiration is most rapid 
in the young and actively growing parts of a plant and decreases with 
age, and sometimes it is said that respiration conforms to the grand 
penod of growth 

Coruldciuble eiperhncnUd evidence uphold* the first itatement Bonnier 
and Mangia' studied the respiration of several different plants among them 
Eronymus japonica Leaves 1 year old respired more per volume of leaf than 
leaves produced the year of the experiment Data for other plants were obtained 
(at different temperatures as far apart as 13 degrees but no corrections were 
made) IL A. Malge* found that most flowers produce more COj per gtn. of green 
weight In the bud stage than when open but some respire most actively in the 
open stage. G Maigc* found that the Intensit> of respiration of floral organs 
decreased with age except In the pUtll which often showed increased respiration 
as long as It continued to dc\’elop Nicolas^ found that of two samples of twigs 
the younger had a higher rale of respiration Studying young and adult leaves 
he obtained the same results, Briggs Kidd and West* state that the evidence 
available is that the respiration per unit dry weight of the whole 

plant at constant tempcniture decreases with age, ' 


*PaperfromtheDcpartmentofBotany of the Umvenity of Michigan No 250 
^ Bonnier G and Mangin L,, Recherches sur Ics variations de la respiration 
avec le dcveloppement des plantes, Ann sc not boi , 1885 li, senes 7 315 

* Molgc, M A, Recherches sur la respiration dc la fleur, Rov lin bol , 1907 nx 

8 

* Moige G , Recherches sur la respiration des diffirentei pitecs florales Ann 
sc nal bot 1911 xrv senes 9 1 

* Nicolas, G , The variation In the respiration of plants In proportion to age 
Bull soc hist not Afrtquenord 1910 No 7 109 {Exp Station Ree 1912 xivi 
628) 

» Briggs G E. Kidd F and West C, A quanbtntive analysis of plant growth 
Partn Ann Applied Biol 1920-21 vd 202, 
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On the other hand A Maj^er,* and also Rischawi^ claim to have demonstrated 
that the respiration follows the grand penod of growth These investigators 
enclosed seedhng plants m a respiration chamber, and either by daily measure- 
ments of the Oi mtake or of the COi given o5 amved at the conclusion that there 
was a grand cycle of respiration conformmg to the grand penod of growth In 
their experiments the normal photos 3 mthetic activity of the plants was prevented 
and no account was taken of any changes m weight due to the metabohsm of the 
plants In other words, their results record the respiratory changes in a growmg 
plant mdependent of any loss or mcrease m the weight of the plant dunng its 
growmg penod 

The purpose of the present investigation has been to determine 
carefully the relation between rate of respiration and age To ac- 
comphsh this an effort was made to determine the comparative rate 
of respiration in successive leaves of several plants In the plants 
chosen new leaves contmue to appear at the top of the plant until the 
pamcles are formed Before these are formed, however, some of the 
older leaves at the base have withered away The successive leaves 
of these plants, therefore, constitute an age senes In com the total 
leaves may number anywhere from 18 to 24, but at any one time there 
are usually not more than 8 to 12 leaves In sorghum the total num- 
ber of leaves developed is 25 to 30 with 8 to 15 active leaves present 
at one time In oats and wheat there are only 4 to 6 leaves at any one 
time The number of active leaves present appears to be related to 
age, vanetal differences, and water supply Dunng a dry season the 
hfe cycle of a leaf is shorter than dunng a wet season 

In deterrmnmg the rate of respiration, the active leaves of the plants 
were removed and the total CO 2 given off by each leaf was simul- 
taneously determmed, by plaang the leaves m a battery of Petten- 
kofer tubes Inasmuch as the leaves of a plant were all removed 
at the same tune, placed in their respective respiration chambers 
at tlie same time, and the CO 2 given off was determmed for the same 
inten^al, and further, smce temperature and other external conditions 
were identical, it follows that any differences in the rate of respuation 
are due to differences m the leaves themselves 

® Maj er, A , Ueber deu Verlauf der Atmung beun keunendeu Weizen, Laiidv) 

I crsuchsStatwncn, 1875, xviu, 245 

’’ Rischa^^T L , Emige Vcrsuche dber die Atmung der Pflanzen, Landw Versucfis- 
Slattoi at, 1876, xix, 321 
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The rate of respiration given is the amount of COj given off per 
gm of dry matter or per gra of green -weight for the duration of the 
expemnent Since there were vanalions in the duration of the experi 
ments and also in the temperature conditions, the rates of respiration 
in one experiment cannot, except in a general way, be compared 
with the rates in another In general, the duration of an experiment 
was from 18 to 22 hours 

AU possible precautions were taken to insure that the air entenng 
the respiration chambers was free from COj, care was also token that 
all the CO a was absorbed by the banum hydronde tubes The banum 
hydroxide after having been standardized was kept in containers en 
tirely free from CO* 

To illustrate the procedure a typical experiment will be described 
A com plant with ten healthy leaves has been selected in the field 
It is brought into the laboratory and the leaves are carefully removed 
and placed in separate bottles of 500 cc , capaaty which are completely 
covered with block paper The experiment is arranged os follows 
First come 10 CaQ* towers filled with pieces of soda hme to absorb the 
COi from the entenng air, following each tower is a bottle containing a 
solution of BaOH, to indicate whether aU the COj has been absorbed, 
to these bottles are attached the respiration chambers, covered with 
black paper, which in turn are attached to the Pettenkofer tubes, 
conlainmg 100 to 150 cc, of standardized BaOH (the amount depends 
on the size of the plant, with large plants more BaOH is used than 
with small plants), each tube is followed by a bottle contaimng a 
solution of BaOH, to insure that all COj has been absorbed by the 
standardized BaOH, these bottles are connected by Y tubes to a 
single aspirator, by means of which the air is drawn through the 
apparatus The rate and size of the gas bubbles passing through 
each tube are regulated so as to be the same in all tubes Before the 
experiment is started the respiration bottles are thoroughly freed 
of all COt by running COrfme air through them The experiment is 
then run for 22 hours At that time the BaOH in each tube is titrated 
with n/10 oxahe aad 

1 cc. of n/10 oxalic aad is equivalent to 0 0022 gm of CO j, and from 
the difference between the original titrations of the standardized 
BaOH and the titrations at the end of the experiment the amount 
of COi can readily be calculated 
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The amount of COj has been calculated both on the basis of dry 
and of green weight The results are similar, and as it is more usual to 
employ dry weight than green weight, and as the respiration is un- 
doubtedly more closely related to the dry matenal than to the water 
of the plant, only the data calculated for dry weight are given As 
pointed out before, no two experiments were earned out under iden- 
tical conditions, nor were the plants themselves identical, some of 
these experiments were performed durmg the summer of 1923, others 



Fig 1 Curve A represents the respiration of 3 corn plants about 4 inches high, 
nith 3 leaves, B, 1 com plant 6 inches high with 4 leaves, C, 1 com plant at the 
time of pollmation with 10 leaves Curve D represents the respiration of a com 
stem cut up in such a way that each piece contams one node and part of the con- 
tiguous mtemodes 

dunng 1924 For this reason no average of the expenments can be 
obtamed A few of the experiments have been selected as illustrating 
the condition m these plants 

Com (Zea Mays) was the onginal plant worked with and the results 
of a few of the experiments are given m Fig 1 Curves A, B, and C 
represent plants of different ages with varying number of leaves 
Curt e A shows that there is a decrease in rate of respuation with age 
vhen the plant is ver)’’ 3'oung, while B shows that as the plant ages 
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and the number of leaves increases the rate of the older leaves in 
creases above that of those slightly younger, and C (a plant with ten 
Ica\"es) shows that the oldest lea\ne3 may actually respire more than 
do the >oungC5t !ea\cs on the plant Curve D represents an expen 
ment with the ojm stem, which shows that there is a decrease in 
respiration \Mth increase in age 

f In Fig 2 Curves /i, J3, and C represent respiration in Sorghtm 
mlgarc AU of these eipenmcnts show that at first there is a decrease 
m respiration as the leaves age, but that after a certain age has been 


Cb ptr ^ dry CHlUr 



Fio 2, Cum rl reproenti the rcsplraUon of 4 torghum plants I foot hi^ with 
8 leaves Cun^e B 1 sofjhuai plant 3 feet hl^ ivith 10 leavcj, C 1 •orghum plant 
developing Uijd, Trith 9 leaves Curve X> lunflotrer plant about half grown with 
10 leo.N'ca. 

reached there is a gradual increase m rate, which in some mstanecs 
is nearly as great os that in the youngest Iea\’es Curve D represents 
leaves of simflower {Uehanthus annnus)^ and in this as well as m other 
experiments on sunflower there u a decrease from the first with no 
subsequent Increase 

Fig 3 represents results obtained with oats (Av^na saUoa) The 
two experiments were conducted at the same time These expen 
ments show that the respiration in the oldest leaves is much more 
rapid thim in the j*oungest 
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In Fig 4 are results of two experiments with nearly mature wheat 
{Tnitcum sativum) These plants had five leaves but the two oldest 
ones were dying and so cannot be counted Both experiments show 
that the oldest healthy leaves respired more vigorously than the 
youngest leaves of the plants 

The plants represented m Figs 3 and 4 were nearly mature and the 
youngest leaves had already reached the age at which the respiration 
is at its lowest, aU the curves but B of Fig 4 show only increase m 
respiration with age rather than a decrease followed by an increase 


Gm. CQj per dry raatUr 



Fig 3 Fig 4 

Fig 3 Two oat plants nearly mature The two expenraents were conducted 
at the same time These curves strikingly bring out individual differences 

Fig 4 T\so wheat plants, nearly mature, each plant had 5 leaves, but the 
lowermost nere practically dead The two experiments were conducted at the 
same time They also show mdividual differences 

It IS qiute apparent from the data given that when dry weight is 
taken as a entenon for judging the comparative rate of respiration 
ui the vanous leaves of com, sorghum, sunflower, oats, and wheat the 
respiration cycle does not correspond to the grand penod of growth, 
nor IS there a decrease m respiration with age eveept m the leaves oi 
sunflower and corn stem The reason other mvestigators have not 
noted this before is that not enough controlled experiments have been 
performed In most instances a few leaves of one age were taken at 
one time at a certam temperature and a few leaves of a different age 
at another tune, at a temperature different from the first, without any 
correction being apphed As far as the wnters are aware no expen- 
ments have been performed m which a senes of leaves or other plant 
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parts, differing in age have been studied at the Bome time It is 
obvious from the figures given in this paper that, if only two leaves 
had been taken, in practicallv all instances the older leaves would 
have respired less than the very youngest on the plant, but it is equally 
obvious that by taking very young leaves middle aged and old leaves 
at the game time, the old lca\cs are found to respire more rapidly than 
the middle aged ones, though usually less than the youngest 

The wntera arc not prepared to say that os protoplasm ages it re 
spires less and that as it gets still older it begins to respire more 
actively But it seems that when the amount of CO, given off is cal 
culated on the basis of dry weight the rate of respiration increases to 
some extent after middle age This is true of the leaves of com, sor 
ghum, oats, and wheat, but not of sunflower leaves and com stems 

The amount of CO, given off per gm of dry or of green weight is 
probabl) not a good enterion of respiration That, however, is 
customary As a cell mcrcascs in sise and in age, the total amount of 
protoplasm probably remains the same while the dry material (cell 
wall, stored food, etc.) increases The respiration is presumably con 
nected with the protoplasm Then if the amount of respiration of an 
old leaf IS calculated on the basis of the total dry weight (cell wall 
stored food, etc ) it is obvious that the rate per gm of dry weight 
IS going to be less than in the young leaves, though the rate per gm 
of protoplasm may be the same The wnters have unpublished data 
to show that as leaves grow older there is an increase m the percentage 
of dry matcnal up to a certain age, when there is Bometimes a decrease, 
A method which would take Into account only the amount of proto- 
plasm would be much more accurate Perhaps the CO, could be cal 
culated on the basis of amino nitrogen or total nitrogen in a plant 
part 

SUltMARIt 

In the present paper it is shown that os the leaves of com, sorghum, 
wheat, and oats increase In age there is a decrease in rate of respira- 
tion, but that as the leaves become stfll older (past about middle age) 
the rate graduail> mcreases 




CONCERNING THE INFLUENCE OF POLARIZED LIGHT ON 
THE GROWTH OF SEEDLINGS 

ByDA^TDI macht 

\JFrom the PJiarmccoloiical Ruearch Laboratory ^ Uynson^ TT edcott, and 
Durmmgj Ballimcrt ) 

^Accepted for pubbcatlon June II 1926) 

The biological effects of polanzcd hght ha\c until a >ear or two 
ago, not been the subject of an> saentific experuncntal stud> Re 
ccntlj a few contributions on the subject ha\e appeared Baly and 
Semmens published a short note describing the stimulating effect of 
polanzcd light on the hjdrolysis of starch by diastase (1) These 
observ'ationa w ere confirmed b} the present author (2) who at the same 
time pubbshed se\'cral short communications on the pharmacological 
and other biological effects of polarized light (3) and also desenbed in 
collaboration with Justina Hill some expenments on the growth of 
j'east and bactena (4) In this lost communication, !Mis3 Hill and 
the author called attention to the apparent stimulation of bactenal 
growth by polarized hght Similar observations on bactena were 
published independently by Momson (5), and recently two Indian 
investigators have also published a short note claiming that the bac 
tena of typhoid fever and cholera thnvc better in polarized hght than 
in non polanzcd hght (6) In the present paper the author proposes 
to desenbe a senes of expenments on the growth of seedhngs in polar 
ized and non polanzcd light which were begun early in 1924 and con 
tinned up to the present time 


Mdhod 

The growth of young seedhngs of Luptntts albus in a nutnent phyto 
physiological (Shn'C s (7)) solution was followed by measuring the 
elongation of the roots at intervals of 24 hours The influence of 
polarized and non polarized hght was studied by means of the follow 
mg apparatus which was designed jointly by the author and Professor 
41 
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A H Pfund of the Department of Physics of the Johns Hopkins 
University and was constructed under Professor Pfund’s supeiAUsion 
and calibrated by him A bo\ or cell m the form of a truncated pyra- 
mid was constructed 80 cm high, with a lower base 60 X 45 cm and 
upper end about 25 cm square, the back of the wall of the cell being 
perpendicular to the base, and the front wall and door being slanting 
At the upper or small end of the cell a socket is fixed into which is 
inserted a large round Mazda tungsten nitrogen electric bulb, of 500 
vatts power, which serves as a source of light The lower part of the 
apparatus or cell is dl^aded into two compartments, completely sepa- 
rated from each other by a blackened partition The light of the 
Mazda lamp is allowed to penetrate into the chamber on one side of 
the apparatus after first passing through a dozen plates of smooth 
glass, placed at the ^^polanzing^^ angle, so that this chamber is illu- 
minated with highly polarized light The light from the same Mazda 
lamp, on the other hand, is allowed to penetrate into the second or 
neighbonng chamber after first passing through a pile of smooth 
plates of glass placed perpendicular to the line of propagation of the 
light, so that this second chamber is lUurmnated with non-polarized 
light The number of glass plates in tins second pile was adjusted so 
that the intensity of the non-polarized light was just equal to the in- 
tensity of the polanzed light in the first chamber By bonng apertures 
in the floors of the two respective chambers and taking spectrophoto- 
graphs of the two transmitted lights, it w^as found that the spectral 
range of light weaves in the polarizing and non-polanzing chambers 
was the same, the shortest weaves transmitted being about 3650 
Angstrom units The temperatures in the two chambers were nearly 
the same, not de\nating from each other more than 0 

The source of light was an electnc bulb of 700 candle power This 
intensity w as of course cut dowm by passage through the piles of plates, 
but the intensity of the transmitted light in each chamber was made 
the same by photometne calibration in the Physics Laboratory, per- 
formed by Professor A H Pfund The intensities in the tw’^o chambers 
were compared by Professor Pfund by reflecting the lights passing 
through the tw o sets of glass plates, from a white surface, and allownng 
the ra\ s to pass through a Lummer tube The hght from the two 
chambers was thus reflected dijfuscly, and hence was depolarized 
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Frc. 1 Fic. 2 

Fig 1 PolariziDg apparatus Front view with door removed. 

Fio 2 Polaiiiing apparatus^ Side view Right wall removed and showing the chamber illuminated with polanxed 
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before the companson was made Thus while the eye was used in 
companng, it could not be argued that there might be a difference in 
the physiological effects of polanzed and non-polanzed hghts on the 
eye Of course such an objection would be purely hypothetical, as, 
so far as is knowm, no difference in the effects on the eye between 
polanzed and non-polanzed hghts has ever been noted, and if such a 
difference should be expenmentally demonstrated, it would be a 
fundamental physiological discovery 

In order to make sure that small variations in intensity of the con- 
trol did not affect the results, a number of expenments were made 
wnth the non-polanzed hght of a shghtly greater or shghtly lesser 
intensit) than the polanzed hght (by changing tlie number of plates in 
the control chamber) Such vanations did not appreaably change the 
marked effect of the polanzed hght ^ 

Tlie temperatures in the two chambers were the same to ^vithin a 
fraction of a degree, as indicated by thermometer readings and also 
by thermographic tracings Here agam a number of expenments were 
made, in which the temperature in the control chamber was purposely 
made a httle higher or a httle lower than m the polanzed chamber, 
respectn ely, and the results obtained still showed a definite stimula- 
tion of grow th produced e\adently by polarized hght 

RESULTS 

Two sets of Liipiniis seedlings, A and B, generally of 10 each, were 
carefully measured, then placed in hard glass tubes with Shive’s solu- 
tion, and one set vas put m each chamber, Set A in polanzed hght, 
and Set B in non-polanzed hght The plants were irradiated by the 
polanzed and non-polanzed hghts, dunng the daytime, and were left 
in the dark oiemight, vhen the electnc current in the laboratory was 
turned off On measunng the grovth of the roots of the two sets of 
plants on the following day it was found that the seedhngs exposed to 
polanzed hght had growm distinctly more than the other set The 
two sets of plants were then interchanged, by placing them in the 
opposite chambers, that is Set B in polanzed light and Set A in non- 

Hn other experiments with polarized light to be published later, intensities 
were compared b\ means of a bolometer 
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polaruscd UgKt, and exposed to the two kinds of bght again On the 
following da> , when the growth of the roots was again measured, ft 
was found that the original “non polanxed" set (B) which was this 
time exposed to polarised h^t actually outgrew the ongmal “polar 
ized" set (A) of plants, which, on this second day, was placed in the 
non polanxing chamber 

The two sets of plants were again reversed for a second time, and 
ft was found agam that the seedlings grew more in polarized UghL On 
reversing the position of the two sets a third time, better growth in 
polarized light was again observed Such experiments with Lupinus 
secdlmgs were made a number of times with the same results The 
following protocols will serve as Illustrations 

TABLE L 



Table I gi\'es the results of an expenment made on 2 sets of plants 
of 10 seedhngs each Set A was esposed to polanzed light on the Ist 
day, to non polarized bght on the 2nd day, and to polanzed light again 
on the 3rd day In the case of Set B the order of exposure was 
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reversed, that is on the 1st day the plants were exposed to non- 
polanzed hght, on the 2nd day to polanzed hght, and on the 3rd day 
again to non-polanzed hght The normal or ongmal length of each 
root is indicated in the first column and the length at the end of each 
24 hours in the successive columns It will be seen that the increment 
in every case was greater when the seedhngs were exposed to polanzed 


TABLE n* 


Set A. 


o 

Apr 26 
On^al 
length 

Apr 27 
PoUnxed 

Adt 28 
Non- 
polanxcd 

Apr 29 
Polanxtd. 

Apr 30 
Nod 

polarize dL 



mm. 

mm 

mm 

mm 

1 


55 

69 

81 

■B 

2 


60 

: 78 

74 


3 

47 

53 

65 

87 


4 

38 

66 

69 

71 

75 

s; 

48 

50 

62 

76 

80 

6 

32 

64 

64 

77 

76 

7 

39 1 

52 1 

65 

77 

70 

8 

45 ; 

67 ; 

62 

77 

85 

9 

37 

48 

69 

80 

71 

10 

35 

54 

68 

68 

72 

11 

36 

68 

66 

72 

72 1 

12 

42 

59 

68 

73 

70 

13 

37 

59 

74 

74 

72 

14 

51 

63 

63 

77 

75 

15 

42 

56 

58 

73 

69 


618 

874 

1000 

1237 

1112 


Incre- 

ment 

256 

Incre- 

ment 

382 

Incre- 

ment 

619 

Incre- 

ment 

494 


Set B 


o 

Apr 26 
Oiigmal 
length 

Apr 27 
Non 

polanzed 

Apr 28 
Polanzed. 

Apr 29 
Non 

polanzed 

Apr 30 
Polarized 


mm 

mm 


mm 

mm 

1 

33 

57 


82 

12 

2 

32 

58 


68 

82 

3 

36 

51 


70 

70 

4 

45 

53 

75 

78 

71 

5 

42 

68 

74 

79 

77 

6 

40 

57 

71 

81 

74 

7 

45 

56 

71 

72 

64 

8 

36 

64 

71 

76 

76 

9 

49 

53 

64 

69 

80 

m 

42 

62 

76 

73 

75 

11 

48 i 

49 

61 

77 

78 

12 

44 

47 

60 

78 1 

81 

13 

33 

61 

73 

11 

79 

14 

48 , 

60 

69 

75 

72 

15 

45 , 

57 

63 

75 

85 

1 

618 1 

852 

1027 

1130 

1136 

H 

Incre- 

ment 

234 

Incre- 

ment 

409 

Incre- 

ment 

512 

Incre- 
1 ment 
518 


* In a few cases measurement of seedhngs shows a shrinkage on the last day 

light and more than that, when the two sets of seedhngs were reversed 
in respect to the form of radiation, the same phenomenon was noted, 
namely, the greater growth in polanzed hght 

In the experiments summarized in Table 11 two other sets of plants 
consisting of 15 seedhngs each were treated as above, only in this 
expenment the interchange from polanzed to non-polanzed hght and 
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TABLE rn 
ExpenPitnt 10 


Strict Ai 

Strict 

May 3 1W6. 

iUy4 1926- 

Mays 1926. 

May 3, 1926, 



KomaL 

Pohibtd- 

Non-pol 

arized. 

Nonnal. 

Non^xJ 

allied. 

rolariicd. 

50 I nmu 

67 -3 mm- 

75 4 mm- 

51 9 mm- 

64 6 mm. 

77 4 mm. 

Mean trnip. 
26 C 

Mean temp 
26*C. 

Mean temp 

26*a 

ilean temp 
26^:. 

Mean temp 
26*0 

Mean temp- 
26"C. 


TABLE IV 
Expaimmi 11 


Strict A <CtntTC<l leciti.) j 

1 Series B fOmrrl aredt.) 

May 3 1926- 

May 4 1926. 


May 3 1926. 

May 4 1926. 

Mays 1926. 

NoimaL 

PoUriied. 

Polamed 

Normal. 

Nou-polar 

Iztd 

Non-polar 

ized 

30 0 mm 

35 7 mm. 

39 1 mm. 

29 6 mm 

35 3 mm. 

37 8 mm. 

Mean temp- 
22*0 

S«<U cover 
ed 

"Mean temp 
22*0 

Seeds un- 
covered 
Mean temp 

22 *0 

Mean temp 
220 

S«di cover 
td. 

Mean Ump. 
220 1 

Seeds un- 
covered. 
Mean temp 

22 a 


TABLE V 
Expenmenl IZ 


Series A* (C(wc«d rootv) j 

1 Serin V (Cmnd root*.) 

May 3 1926 

May 4 1926, 

Mays 1926 


May 4 1926. 

May 5,1926 

Normal 

Polamed 

Non-polai 

ktd 

Normal. 

Non-polar 

lied 


27 Jmm. 

36 4 mm. 

40 0 mm 

26 4 mm 

34 2 mm. 

41 3 mm. 

Mean temp- 
22*C 

Mean temp. 

2rc 

Mean temp 

2rc 

Mean temp. 
TTC. 

Mean temp. 
TTC, 

Mean temp 
22*C 
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Vice versa was made on 4 successive days imtil the plants were too 
long to be measured conveniently Here agam it will be seen that in 
every case greater growth took place in polarized hght (In this table 
the order of the seedhngs is not the same in each column as they were 
not placed in individual tubes but in flasks containmg several seed- 
hngs each ) 

Table HI shows an analysis of the above phenomena In Expen- 
ment 10, two sets of plants consisting of 10 seedhngs each were placed 

TABLE VI 


Squash Seedhngs 


Set 1 

Sets 

No 

Original 

length 

Polarued 

24 hrs 

Polanzed 

72 hrs 

No 



Non poUnred 
72 hrs 


mm 

mm 

fnm 


mm 

mm 

mm 

1 

47 

58 

69 

1 

45 

55 

57 

2 

36 

47 

54 

2 

34 

37 

47 

3 

32 

44 

58 

3 

32 

34 

47 

4 

21 

27 

46 

4 

22 

25 

31 

5 

41 

51 

71 

5 

43 

54 

45 

6 

31 

40 

63 

6 

33 

44 

80 

7 

42 

47 

56 

7 

37 

40 

83 

8 

21 

29 

52 

8 

22 

35 

63 

9 

19 

28 

66 

9 

21 

26 

34 

10 

16 

26 

55 


18 

30 

38(?) 


306 

397 

590 


307 

380 

525 


Increment 

91 

Increment 

284 


Increment 

73 

Increment 

218 


in polarized and non-polanzed hght, the figures here given indicating 
the sum of the root lengths It wiU be noted here again that each 
set of plants grew better m polanzed hght Experiment 1 1 illustrates 
the effect of wrappmg the seeds or cotyledonous portion of the plants 
vith tinfoil It will be noted that when the beans were wrapped m 
tinfoil and thus protected from hght altogether, growth was exactly 
the same m both chambers When, however, these wrappings were 
removed on May 5th, better growth occurred in polanzed hght than 
m non-polanzed hght Expenment 12 shows the results obtained 
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when the stems and roots of the seeds were protected from the hght 
but the seed portion was left unco\xrcd Here better growth took 
place m polarized light than in non polarized light thus indicating 
that the stimulation of g^o^^'th b\ polarized light is due to photo- 
chemical changes induced in the sec<l portion This, of course, har 
mom zed prcttil) with the findings of Bal} and Semmens and the 



Polamcd. l^on-polariicd 

Fig 3 BTieat sccdJings 

present author in connection with the effect of polarized Hght on the 
diastatic hydrolysis of starch 

The author performed most of his expenments on sccdUngs of 
Lupnius albus A number of experiments, how’ever, were abo per 
formed on other plants In Table VI are the results obtained with 
squash seedlings Here again it will be noted that better growth 
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occurred in polanzed light than in non-polanzed hght A number of 
expenments were made with wheat seedhngs, as these seedhngs grow 
several roots which are diflScult to measure, the growth was studied by 
measunng the elongation of the stems and leaves In Table VII 
and Fig 3 are sho^vn the results obtained in one such experiment 
Two sets of 6 seedhngs each were exposed to polanzed hght and non- 
polanzed hght and the length from the root to the tip of the blade of 


TABLE VII 
Wheat Seedlings 
(See F g 3 ) 


Set A, 

SetB 

In polanzed light 

In non jjolarized light 

6 seedlings. 

6 seedlings 

Ongiml length from roots to tip of blade, 

Onginal lengtli from roots to tip of blade 

402 mm 

406 mm 

3 da\s later, 656 mm i 

3 da) s later, 5S8 mm 

4 “ “ 921 “ 

4 804 “ 


TABLE vm 
Hchanthus {Snnjlowcr) 
(See Fig 4 ) 


Seedling A, 

Seedling B 

Dec 16, 1925 

Length of stem, 120 mm 

Dec 

16, 1925 

Length of stem, 120 mm 

Placed 

in polanzed hght 


Placed 

m non polanzed hght 

Dec 18, 1925 

Length of stem, 140 mm 

Dec 

18, 1925 

Length of stem, 125 mm 

“ 19, 

It it tt tt 

a 

19, “ 

It tt it ^27 


each seedling vas measured It will be noted that better growth 
took place in polanzed hght In several other expenments \nth wheat 
seedlings the grov th of the plants was studied by weighing them In 
this wa} It vas also found that the seedhngs exposed to polanzed hght 
weighed distinctly more than those exposed to non-polanzed hght 
In Table \ III and Fig 4 is shown the effect of polanzed hght on two 
seedlings of the sunflower, the length of the stems was measured and 
it will be noted better grow th took place in the polanzing chamber 
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SDiniAR\ 

WTule these cxpcximents arc not cxhausU\c a snffiaent number 
have been made to warrant the statement that the cfTect of polanzed 
light of the \nsiblc spectrum on the grow th of \’anou3 scedhngs and 





Polanxe<L Ixon polarued, 
Fio 4 Sunflovrer teedlin^ 


more particularly on the growth of Lupin is albuf is somewhat differ 
ent from that of non polarized hght. This is especiallj convinang in 
view of the results obtained with double sets of plants which were 
alternately exposed to polanzed and non polarized lights of the same 
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intensities and at the same temperature In every expenmen t thus 
performed the set which was placed in a polanzing chamber grew 
better It is, furthermore, interesting to note that the phenomenon 
above observ^ed did not take place when the seed portion of the plants 
was protected from hght by wrapping with tinfoil This agrees well ^ 
wnth previous findings concerning the action of diastase on starch 
in polanzed hght The above researches wiU be continued on a more 
elaborate scale but the results so far obtained are deemed worthy of 
publication in the form of a prehmmary communication at the pres- 
ent time 

The author washes to thank Professor A H Pfund of the Physics 
Laboratory and Professor B E Livingston of the Laboratory of Plant 
Physiolog)^ of the Johns Hopkins University and Dr Wilham T 
Anderson, Jr , Research Physicist of the Hanovia Chemical and Manu- 
factunng Company, Newark, New Jersey, for valuable suggestions and 
cntiasms m connection with the above research 
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ON CURVES OF GROWTH, ESPECIALLY IN RELATION TO 
TEMPERATURE 

Dv \\ J CROZIER. 

{Vrom th* Lchcratory of Gtnerol Physiology Uanard Unhcrxtty Cambridge) 
(Accepted for publicalioB July 8 1926) 

I. 

Growth gcnexall> manifest an accelerated velodtj dunng the rmd 
portion of a developmental cycle, so that the curv'e of bulk with tunc 
is sigmoid This fact ga\e nse (Ostwald, 1902, Errera, 1899-1900, 
Robertson, 1907-08) to the view that the accumulation of material 
during growth may be described by the equation for a first-order proc 
ess in which one of the products of the transformation acts as catalyst 
This conception has hod a vigorous enlargement (Robertson, 1923), 
looking toward the desenption of the vcloaly of development as 
goi^emed by a succession of first-order chemical processes, ‘hnaster 
reactions," which arc self -accelerated 

Several difficulties arc connected with the application of this idea 
One of these is that in fitting simple logistic (autocatalytic) curves to 
actual data, it has usually been assumed {(f Robertson, 1923, 1925- 
26) that the curve of growth m any cycle is symmetrical about a mid 
point of mfiection This follows from the nature of the equation 
commonly taken to give the course of such an autocatolyzed process 

KxiA-x) (1) 

where A signifies the initial endowment of the growth promoting pre 
cursor, x the amount formed after time i The pomt of inflection m 
the integral curve of this equation is located at 

I - //I, 

A method of testing the suffiaency of this form of the autocatalysis 
equation is afforded by the study of rates of dei^lopment as controlled 
S3 
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by temperature The autocatakmetic relationship (Lotka, 1925) is 
of so very general a character, ansmg m any land of a situation where a 
limited progress is facihtated by the conditions created through its 
mitiation^ but progressively inhibited by proportionately enforced 
exhaustion, that some test of this sort is necessary if the form of growth 
curves is to be satisfactorily understood Thus if the simple logistic 
were an adequate descnption of growth veloaty, temporary alteration 
of the temperature of the development would not be expected to 
modify the temperature characteristic (Crozier, 1924-25, a) for the 
remainder of the development Smce the temperature charactenstic 
for the veloaty constant K must be constant, changmg the tempera- 
ture therefore merely multiphes the time coordmates of the growth 
curve by a constant The temperature characten sties obtamed from 
what may be termed “partial developmental penods” should be the 
same as for the total developmental mterval (withm one cycle) 
There is adequate mdication (Bhss, 1925-26) that this may not be the 
case Consideration of this fact results m a modification of the formu- 
lation of the “autocatalytic” curve of growth The modification has 
the ment of greater consonance with chermcal theory, and of mdicat- 
mg a direct mterpretation of the sort of results to be expected when the 
temperature is changed durmg the course of a developmental cycle 
It may also give some hght upon the nature of temperature charac- 
tenstics for development at constant temperatures 

Let it be supposed that at the begmnmg of a developmental cycle 
there is available an unrenewable quantity, of a substance givmg 
rise to another, x, which deterrmnes the velocity of growth We are 
espeaally mterested m “veloaties of growth” as meaisuredby thereap- 
rocals of the times required to attam a given stage of development 
We V'lll suppose that the matenal A gives rise to a. by a first order 
reaction, and that x serves as catalyst for this change The reaction 
^ > A vill therefore be governed by a velocity constant (Ki) proper 

^ An interesting instance is given by the growth of knowledge of the vanety 
of the ammo acids, as plotted by Cohn (1925) A still different t3T>e of S-shapied 
curve ma} result from estimations of growth m which the numbers of cells of 
colomal protozoans are counted (Faur^-Fremiet, 1922;, m certam speaes the 
mode of dichotomj results m the curve for number of mdividuals against time 
appealing ‘‘autocatal 3 mc.” 



W J CROZEEU 


55 


to jt in the absence of the influence of x, and also b> the ^TIoaty con- 
stant due to catal>"SJ3 by x The decomposition of A must therefore 
be conceived os made up of tv^ro parallel reactions, and its differential 
equation fs then 

• ““ (i:i+ir.r)(4 -x) (2) 


where Kt is the velocity constant associated with x as catalyst 
The \’cIoaty of formation of x will pass through a maximum when 




(3) 


Therefore, if onv change of condition, such os temperature, influ 
cnees Kt and Jvt unequally, the form of the curve connecting x with 
time will be changed and the point of inflection will move to a new 
relative position Thus when A j is made relatively smaller, the mflec 
tion pomt occurs earlier (assummg A the same), and the shape of the 
curve is significantly altered * 

It IS to be noticed that m such a system the pomt of inflection is 
found at X ^ A fl when K\ is of inappreciable magmtude, whereas, 
m case A* is very small the equation approaches that of the usual 
monomolecular curve without detectable autocatalysis 


n 


Integration of (2) yields 

iTi -f iTi -ffi (A — x) 


(3) 


The curve of this equation may be applied to various aenes of observa 

* Tliii formulation »«ms rimpler and leads to more BUggestive consequence* 
so for as concerns the planning of experiments, than does Robertson s (1923) 
soggrelion of the pseudo-reversible character of the ‘master process* in gronrth 
moreover it woodd appear to be the obviously correct equation for an autocata 
lytic lystcsm Robertson pointed emt that if a reverse process in the growth 
equation Is of hl^er order than the direct, the curve of increaimg bulb with time 
becomes asymmetric about the Inflection point many If not most growth-cvcles 
arc in fact asyinraetnc (cf Brody 1925-26) A different mode of dealing with 
the asymmetry has more recently been employed bv Robertson (1925-26) which 
amounts to assuming that x has a positive value at the beginning of a cycle 
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tions, for example, to the growth m height of sunflower plants (data 
of Reed and Holland, 1919) The fit (Fig 1) may be made distmctly 
better than when the “simple” curve of autocatalysis is employed 
An adequate test of the descnptive vahdity of this equation for growth 
might be sought m the curve of mcreasmg weight for a mammal, 
where temperature vanation may be neglected Donaldson’s data on 



Fig 1 Growti m height of the sunflower, data of Reed and Holland (1919), 
the curve is that of the equation 


„ ^ di + kd 

ki -ir A ki {A — x) 

the cycle starting at a; = 5 cm , mth =■ 0 00595, 0 000298, A, the mature 

height, IS taken = 250 

the growth of the rat (Donaldson, 1915) are smtable for such a test, 
though undoubtedly comphcated by the cychc character of growth m 
mammals (Donaldson, 1906, Robertson, 1907-08, Brody and Rags- 
dale, 1922-23) Robertson (1923) has fitted to this data two “fused” 
logistic cj^cles, but the agreement is not espeaally good In Fig 2 it is 
shorn! that these data are fitted sufl5aently well by the autocatalytic 
equation m the form dx/di — {Ki -f Rj x) (A — x), except that for a 
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Fio 2. Data on the growtli of immated male white rata (Donaldson, 1915) 
adhere fairly wcH to the equation 

1 A iktx + h) 

+ ii A (A — *) 

for the firat 100 dai*B It is n^'prmrd that the weight refiecta the amount of a 
ETowth-dctermining material x produced in a reaction A— which Is catalyicd 
by X that the value of A is given by the rpanmum wd^t (for con\'cmence 280 
gm,), and that the cycle atarts at x - 10 gm The coustanta for the curve as 
drawn are Jfei - 0 0013S, i, - 0 000135 x - wc^^it -10 
Beyond 95 da3rt age, It may be supposed that the material x Is inhibited by 
another, B produced In a system of the type M B iV where XT £s xmrenew 

able The thm Inverted curve is the curve of thu process with Xfg ■* 121 
" 0 01663, t| — 0 02375, the equation is 



^ bemg counted from t - 95 

The curve drawn through the observed weights (circles) is obtained by sub- 
tracting B from X 
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penod after 100 days age the deviation is great It is an interesting 
fact, which may perhaps be used to obtam another view of the mecha- 
nism of growth “cycles,” that the deviation after 100 days from the 
formula fittmg the earher course of the data and also its termmal 
range, may be accoimted for quantitatively and exactly by assummg 
that beyond age 95 days the growth-controlhng substance, x, is 
mhibited (but not destroyed) m proportion to the amount of a sub- 
stance B produced m a system of the type A B C Assummg 
smtable values of A , Ks, and Ki as found from the deviations of the 
data from the calculated autocatalytic curve, the accessory curve m 
Fig 2 gives the values of B to which the defiaency of x is assumed to 
correspond The curve drawn through the plotted points is obtamed 
by takmg the difference between B and the calculated x From this 
standpomt it may be legitimate to regard the decrease m growth 
veloaty between two cychc accelerations as due to the presence of an 
inhibitor, which disappears with tune and does not destroy x It 
should be possible to relate an inhibition of bulk-mcrease to known 
physiological events m the orgamsm dealt with For the rat it 
can be pomted out that the maximum m the “correction curve” 
(B) occurs at an age of 150 days, at which time (Donaldson, 1924) 
the activity of the thyroid seems to attam a definite maximum 
and then to dechne This unphes that thyroid activity is to be taken 
as hmdermg growth m bulk (at this age) Miss King’s measure- 
ments of growth of rats (Donaldson, 1924) may be fitted m a similar 
way, with the maximum of the “correctmg curve” at very nearly 
the same age There is mdication that the pecuhar growth curve of 
man (summary of data m Davenport, 1926) may be accoimted for m 
a similar way, with the maximum growth inhibition (male) at about 
14 years, but the deviation from calculated autocatalytic curves is so 
extensive as to make difficult the adjustment of a “correction curve ” 

m 

The way m which the curve of equation (3) may be modified by 
changmg the temperature is illustrated m Figs 3 and 4 We may 
assume that for the completion of a developmental stage, say an 
mstar or other definite mterval m the differentiation of an msect, 
there must occur the production of a definite amount of a substance. 
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X, arising In a first order reaction A and that x is a catalyst for the 
reaction We must suppose that in general the temperature charac- 
teristic for the catalytic effect of x will not be the same as that for the 
catalj^ic Influence promoting the reaction apart from the action of x 
As alrcad> pomted out, this will bo affect the shape of the curve that 
the graphs at two temperatures are not supenmposable If one half 
of the developmental period imder consideration were to be passed at 
/®C , this would not mean that one-half of the de\elopment would be 
completed, smce the curve is not symmetrical Then on passmg to 



it 

with A “ 100 in each case. tUme U in arbltrniy units ) 

At 20® ii fa assumed -« 0 010 

jbt ' “ - 0 005 

At 10®, Jfci « - 0 005 tiJT Qlo - 2) 

ii « - 0 0017 (tj Qio - 2 94) 

These Curve* are not superimposable the dashed curve is that for the 20® con 
ditlons cipsjidcd by multiplication of the absefasae by a factor which makes the 
curv't* coincident at x - OiW 4 

If tuch curves are assumed to underlie development, and If wo aisinne that at 
completion of a given stage x — a dcSnlte fraction of vl ia> 90 per cent, then 
Cio for velocity of development fa (from the curves) 32 J2 + 12 02 -> Z.74 As 
A fa assumed larger and larger the Qic ratio for velocity of development ap- 
proache* nearer and nearer to the Qio for Jbj (If the assignment of Qio « fa re 
verted Qio for x - 0 90 l 4 U 2 13 ) Additional detail* arc discussed m the text 
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another temperature, the development still to be completed would be 
(dependmg on the alteration m the ratio Ki/Ks) either more or less 
than the fraction uncompleted before the transfer, and the time re- 
quired to produce the necessary fixed amount of x would be corre- 
spondmgly greater or smaller than what would be calculated, hence the 
apparent temperature coefllaent for the velocity of the partial de- 



Fig 4 From the autocatalytic curve, with assumed values A = 500, /fei = 0 08, 
= 0 0015, and uith n for ki = 11,000, for = 16,000, values of the tune are 
calculated to give x = 490 The reciprocals of these tunes are plotted logarith- 
mically against 1 /T° abs , at 10°, 15°, 20°, 25°C The relationship is almost ex- 
actly rectihnear, and the temperature characteristic obtamed from the graph 
(fitted Ime) is p = 15,100 This shows that m a system of the sort discussed m 
the text It IS possible to estimate an apparent critical mcrement which agrees 
fairly closely mth that for one of two cataljdic veloaty constants concerned in an 
autocataljUiic actmty 

\ elopment would not be the same as for the total development when 
passed at constant temperatures (No account is here taken of differ- 
ences produced by “breaks” m the curve of developmental rate wnth 
temperature ) 

The assumption of a definite amount of x as marking the termma- 
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tion of a developmental interval is required because the end product of 
growth IS the same at each temperature It is convenient to regard 
this amount as a fraction of the original endowment With 
arthropods in particular, the succession of developmental mtervals is- 
so definite that one is forced to think of their tenninatfon as controlled 
by “tngger effects,” such as might be provided through the accumula- 
tion of a governing substance to a cntical concentration rather than 
by the asymptotic approach to completion which would correspond to 
the extinction of in our model 

It is desirable to show that deviations m apparent temperature coef- 
fiaent when part of a developmental penod is passed at another 
temperature, such as those recorded by Bhss (192^26), may be sys- 
tematically accounted for (1) If, In Fig 3, the organism is main- 
tained at 10*^ for a calculated fraction of the developmental time mter- 
val (t c to a) it is then ahead of schedule by comparison with the 
curve of development at 20^ (60 , hence the supposed portion of the 
development still to be completed (from 60 is actually less on trans- 
fer to 20°, and the apparent temperature coeffiaent in consequence is 
larger than if rates of complete development at 10° and at 20° are 
compared 

(2) On the other hand, if exposure to low temperature occurs dur- 
ing an mtermediate fraction (from c to c), the development is *T)e- 
hmd schedule” at c (by the amount c o corresponding to the Ume 
c d)f and on arrival at tune c, calculated to giN^e a certain fraction of 
the total developmental time, this will actually be fallen short of so 
far ns concerns differentiation by the amount h, so that the degree of 
development is then m fact that represented at pomt d* If now the 
organism be brought back to 20°, the developmental level is indicated 
at point A, which is ahead of that assumed at tune e dunng subsequent 
development at 20° the developmental course still to be completed is. 
thus less than that calculated and hence appears faster, but with the 
conditions shown the apparent acceleration is less than in the first 
case, where transfer from the 10° to the 20° curve results m a consider 
able time-saving and therefore in a marked mcrcase of calculated 
temperature coeffiaent 

(3) Agam, if transfer from the 20° curve to the 10° be made late in 
development, as at pomt m, tune is lost, because the relative develop- 
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ment is greater at the same time along the 10° curve, therefore the cal- 
culated temperature coeffiaent is actually less than that obtamed from 
unmterrupted developments at 10° and at 20° 

For the prepupal penod of Drosophila, with a normal temperature 
characteristic 16,850, Bliss (1925-26) found that m experiments of 
t 3 ^e (1) the apparent n was 20,220, of tj'pe (2), 18,770, of type (3), 
16,570 There is additional mdication of just this sort of relation- 
ship m data given by Titschak (1926) for the rate of development 
m the clothes moth Ttneola The particular curves drawn m Fig 3 
are of course mtended merely to show that it is possible to explam 
such results It is significant that this explanation turns upon prop- 
erties of an equation which describes with some preasion the time 
course of growth and differentiation such as can be visibly evidenced 
by mcreasmg weight, and which it is therefore legitimate to suppose 
may descnbe even more accurately the progress of developmental 
changes measurable only by the mcidence of their end-results 

IV 

Although few mvestigations of growth permit very precise estima- 
tions of cntical thermal mcrements, it is nevertheless important that 
there is mdication of diverse magnitudes of p., the temperature charac- 
teristic, for different cases, and that these values are suggestively close 
to those known to be associated with vanous other vital processes 
(Crozier, 1925-26) A careful mvestigation of a particular develop- 
mental stage m Drosophila has been made by Bliss (1925-26) , Brown 
(1926-27) has deterrmned the temperature characteristics for a 
developmental mterval m cladocerans, the values of p denved for 
these phenomena correspond to values repeatedly found m processes 
of qmte different sorts (Crozier, 1925-26, Crozier and Stier, 1925-26) 
This IS a striking fact, because one would be mchned to beheve that 
chermcal mechanisms controlhng grovTh might be very different 
from those havmg to do, for example, vnth the regulation of the heart- 
beat or of breathmg movements This suspected difficulty might be 
o\ ercome if it could be sho'nm that the velocity of development, or the 
duration of life m particular stages, is deterrmned, not by the magnitude 
of some simple underlymg chemical change, but by the veloaty with 
which this change is takmg place Northrop (1925-26) has indeed 
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shown that the duration of life in Drosophila does not depend upon the 
transfonnation of a definite amount of energy (Rubner), since the 
amount of COa produced during Ufc is not a measure of the life 
duration 

Aside from this possibility, however, the curve of equation (3) has 
some mtcrcsUng properties which indicate another mode of interpre 
tatlon The rcaprocal of the tunc for production of, say, x ■« 0 90 A , 
will have a temperature coefficient which depends on the magmtudes 
of ivi, JCj; and A, and of the temperature coeffiaents of Ki and Kt 
If A be put - 100, and iCj « 0 010, K, - 0 005, at 20% with the re 
spectivc temperature coefficients 0 (10®“20°) » 2 0 and 2 94, then 0 
(10°-20°) for 1/1 will be 2 74 Thus the temperature coefficient for 
1// may agree very dosel} with that for one of the two velocity con 
slants 

This Lind of relationship may be illustrated by one particular set of 
assumptions as to the \’alue3 of A , Ki, and Kj, when it is supposed that 
/X 11,300 for A-i and fx « 16,500 for Kj We desire to see whether 
the values of log l/l will m such a cose give a rectilinear relationship 
to the reaprocal of the absolute temperature, as seems to be the case 
in growth It is seen that with very small deviation, such os would 
probably be overlooked m practical cases, thev, mdeed, do give this 
relationship (Fig 4) * This is rtuffiaent to demonstrate that an auto- 
catalytic system m which two velocity constants are impUcatcd may 
permit the approximate evaluation of temperature characteristics, 
and that these ma> even be quite dose to those corresponding to the 

*It b casfly seen that with other vaJuts of JSTj Kt, the agreement could be vciy 
much closer The values used In this fllustralion are chosen merely to show the 
slightly curvillnent character of the plot (Fig 4) -which would otherwise be 
detected with difficulty 

It may be pointed out that calculations of 1/ time for compldlon of a stage oi 
devdopment based upon the Intcgtnl form of dx/di - iXi 4- Ki *) (X 
do not yield breaks in the curve of log {l/tlme) t» 1/ T* o6r ,cven when 
such temperature charactenstks are assumed as reverse the sign of the difference 
bctwcfai Ki and at the extremes of temperature. In such a case the (t calcu 
bted from the times required to produce * - 0 90 X agrees rather closely with 
that th whether of Ki or Kt which happens to be smaller It U of interest that m a 
system of this kind It is the magnitude of the Utnpemiurt characUrultc, rather than 
of the vclodt\ constant, which chiefly determines the apparent n of the resultxmt 
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action of specific catalysts The calculated curve is not exactly 
rectiluiear, but in practice it may be very difficult to decide the ongm 
of deviations at the extremes of the temperature range It may be 
pomted out, however, that one may, from this standpomt, expect to 
find evidence of (1) shght differences m critical mcrements when con- 
trastmg growth phenomena with other common activities, (2) rela- 
tionships between log \/iime and \fT° abs which are not exactly 
rectihnear, but concave toward the 1/T° axis, and (3) deviations of 
cntical mcrement when development is passed m part at one tem- 
perature, in part at another The testmg of these, espeaally (1) and 
(2), IS at present handicapped by absence of precise data 

V 

In discussmg growth rates as controlled by temperature it must be 
kept m mmd that the momentary growth rate may vary with time 
This may result not merely from the form of the growth-curve, but 
also because the growth-curve may smooth out recurrent cychc vana- 
tions m rate An mstance has already been given (Crozier, 1924-25, h), 
denved from Leitch’s measurements of root elongation m the sweet 
pea The temperature charactenstics m this case differ markedly, 
dependmg upon the time penod (0 5 hour or 24 hours) mvolved m the 
measurement This is probably related to the fact that cell division 
occurs at a fairly definite pomt m a diurnal growth-rhythm (Stalfelt, 
1921) Other kmds of complexity are not unexpected, for no one m 
his senses regards growth as an uncomphcated process Lehenbauer’s 
(1914) data show that the mean hourly elongation of maize seedhngs 
increases abruptly at 20°, and with tune The average y. above 20° 
is about 1 5,500 Where such '^breaks” occur m the temperature graph 
the effects to be expected when time is a significant vanable are diffi- 
cult to predict 

It IS, nevertheless, of mterest to examme the available measurements 
of growth to see if they yield anythmg m the nature of consistent tem- 
perature characteristics A number of observers have studied the 
gro'nth of fungal colonies as related to temperature The data are 
not always presented m the most directly usable form, nor can the 
probable retardmg effects of changes m the medium be discoimted with 
any sureness In the growth of such colomes on agar plates it is to be 
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supposed that In the absence of retarding or accelerating effects he 
rate of enlargement should be constant A conect measure of growth, 
assuming only extension in area to occur, would be given by the m- 
crease in area per unit of circumference per unit time When growth 
of such a colony gives a sigmoid curv e with time it is certainly inap- 



Fio 5 The velocity of e«Iy gro w th in 5 ipecie* of RhitopuXt measured by the 
time required for the germinating hypha to become as long as the diameter of the 
ipore (data from Weimer and Harter, 19Z3) , and the growth of Gtbbcrdla fauln 
n*tt{ taken aa 1 + lime lor colony to attain a diameter of 2 J cm. (by Interpolation 
from data of Macinnes and Fogelman, 1923) It is apparent that aside from 
terminal dcviationa such as are usuallv encountered the temperature charactens 
tics closely resemble those calculated from data on respiration (Crosier 1924-25 b) 

propnate to regard the curve as describmg an inner auto catalysed 
growth-controUmg process, and hence probably useless to attempt 
analysis of its precise relations to tempera ture« Fawcett (1921) 
records the growth fn diameter of colonies of several fungi These 
figures have been used to calculate the areal mcrcase per unit time 
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(24 hours) per unit of growuig edge at successive intervals The rate 
of enlargement so computed changes ■with time, m such a way as to 
suggest that more extensive measurements would, at each temperature, 
pass through a maximum The imtial gro'wth of the colony so affects 
the medium that growth is accelerated Estimations of the tempera- 
ture characteristic of the inner growth-promotmg process would, 
therefore, require the separation of the effects of temperature upon 
growth from those involvmg changes mduced m the medium 



Fig 6 The rate of decay of sweet potatoes inoculated with RJnzopju The 
temperature characteristic is sensibly mdependent of the end-pomt chosen (t e , 
the amount of destruction, presumably detenmned in greater part by the activity 
of the fungus) Data from Launtzen and Harter (.1925) 

Weimer and Harter (1923) studied the gennmation and growth of a 
number of speaes of RJnzopus From their curves it is possible to 
plot the reaprocals of the tunes required for the germ tubes to grow 
imtil the length equals the diameter of the spores, these figures pro- 
vide mean veloaties of growth for the attainment of a constant amount 
of growth (Fig 5) The agreement ■with the Arrhenius formula is 
usually excellent, smce the de-viations at high and at low temperatures 




Vf J CHOZIER 


67 


are no different from those generally encountered in other vital sys- 
tems. The \’alues of accord sutEdently well with those known in 
other growth phenomena 

In such a case it is to be presumed that the temperature charac- 
teristic obtamed is not a property of the constants in an autocatalytic 
s> stem, but pertains merely to a metabolic mechanism immediately 
responsible for increase m bulk 

Macinnes and Fogclmon (1923) measured the growth of colomes of 
Gtbbcrella sauhtnciity and from their figures it is possible to obtain by 
interpolation the time required at several temperatures to form a 
colony of given sue (diameter) Data from Lauritacn and Harter 
(1925) may be used m a similar way, giving the time required for 
JOiizopus to produce a given amount of decay in sweet potato These 
measurements are plotted m Figs 5 and 6, where the correspondmg 
temperature characteristics are mdicated 

These instances Illustrate the applicability of the Arrhenius equa 
tion but they do not permit critical examination of the meaning of 
the corresponding temperature charactenslics It can be said merely, 
that m general the entical mcrements resemble m their magnitudes 
those already encountered in ^ anous other vital activities- A similar 
vagueness of interpretation is necessary m connection with studies of 
growth and regeneration m animals Moreover, and aside from 
experimental difficulties m temperature control, many cases ore dis 
turbed by the fact that the de\ elopmental process under examination 
was not exactly begun at the temperature indicated, but the lot of 
organisms was distributed to thermostats some bttle tune afier dc 
velopmcnt had begun Bearing this difficulty m mmd, we may, how 
ever, examine the vcloaty of development in several instances It 
should be noted that there is direct justification for regarding a mor 
phological end pomt as a legitimate end point for our purpose, pro- 
\aded it be timed with precision, Terrome and his associates (Terro- 
mc, Bonnet, and Joessel, 1924, Barth^lcmj and Bonnet, 1924) have 
mdicated that thermal acceleration of dc\Tlopment to a constant stage 
(e g to absorption of external gills, m the tadpole , germination of seeds) 
docs not modify the utilization of energy durmg the growth process, — 
m other words, the chemical balance’ is the same at the same stage of 
development But in many mstanccs it may be impracticable to 
obtain a significant morphological end point 
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The speed of early cleavage of the fertilized ovum has been measured 
by Loeb and Wasteneys (1911) and by Loeb and Chamberlain (1915), 
for the egg of Arbacia These two senes of measurements are con- 
cordant, and exhibit cntical mcrements 12,400, 21,000, 41,000, 



Fig 7 Data upon the rate of cleavage and upon early stages of development m 
anurans 

A Processes mvolved m the first cleavage, Rana (from Krogh, 1914) 

B From first cleavage to disappearance of yolk-plug (from LiUie and Knowl- 
ton, 1897) 

C From first, second, or third cleavage to disappearance of yolk-plug (Lilhe 
and Knowlton, 1897) 

D From fertihzation to (1) medullary groove, (2) external gills, (3) 3 gill 
plumes, (4) a length of 7 0 mm , ^5) a length of 7 8 mm , Rana (Data from Krogh, 
1914) 

It is clear that there is a measure of consistency m the occurrence of = 20,000 
d: This IS indicated also m some fragmentary data from Barth^lemy and Bonnet 
*(1924) Hertn ig’s data [cj Cohen, 1901) abo show parallelism in the effect of 
temperature at different stages of development, but mdicate for the mtermediate 
range of temperatures a distmctly loner iiy 17,000 db Estimations of the rate of 
grow th of the body, and of the tad, m Rana and BujOy agree m mdicatmg a *= 
Ji4,000d; (data from Lilhe and Knowlton, 1897) 
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\vith **breiiU” at 11^ and at 2(f (Croaer, 1924-25, 6) The vebaty 
of segmentation m eggs of the frog (first cleavage) Is plotted in Fig 
7, from data by Krogh (1914) The velocity of subsequent early 



A CedHS morrkw and G xglefituts, Bf G uurlangus average vdodties of deveP 
opment up to hatching' observation* by Danncvig (In Johansen and Kro^, 1914) 
for^l H - 11^ and p -20^ with break at 9 0"C forjB n -20000 


C Plaice to length 4 6 mm. dreie* to length 4 9 mm. crosses the two series 
brought together by mulUplymg the member* of the tecond by a factor ^ — 
20 000 (Johansen and Krogh, 1914) 

D, Bypcnmxui eJldus (Higura*hi and Tnoti 1925) - 23 7(X) 

E Pk€oglMiw alttvtJU two aeries one from Higunuhi and TauU (1925) the 
second from Higuraahi and Natal (1926) #i— 23 000 

It ihould be noted that in the cases of deviation at extreme temperatures there 
is independent evidence of abnormal differentiation. 
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development of the frog, m Krogh’s experiments, exhibits a constant 
mcrement not significantly different from that for the nud-range of 
temperatures (15° to 4 7°) m the case of the first cleavage, but the 
critical temperatures are different 

It is noteworthy that m the case of amphibian development the 
temperature charactenstics calculated from the data of Lilhe and 
Knowlton (1897) upon the early development of Rana and of AmUy- 
stoma (Fig 7) may be said to agree quantitatively with the magmtude 
obtamed over the lower temperature range (4° to 15°) m Krogh’s 
(1914) experiments 

The rate of development of teleost embryos has been studied by 
Krogh and others The more extensive senes of observations are 
collected m Fig 8 More recent expenments on the rate of insect 
development provide data showmg for Dyt-iscus margtnalts n = 19,300, 
for D semtsukaius n — 20,000 (to 15°) and = 10,400 (data from 
Blunk, 1923) Some figures from Ziegelmayer (1926) for rate of 
development of Cyclops give n = 15,700 Such data have been treated 
m a different wa)'’ by Elrogh (Johansen and Krogh, 1914), but the 
most direct utilization of the measiuements shows that there is a 
stnkmg constancy m the occurrence of ju = 20,000, with one senes 
showmg IX = 24,000, thus there is evidenced a suggestive parallelism 
with the values obtamed for amphibian development 

For the full mterpretation of such graphs it is necessary to know the 
effect of the preliminary penod durmg which the objects (e g , ferti- 
lized eggs) have been mamtamed at some constant or nearly constant 
temperature before distnbution to thermostats at different tempera- 
tures In the hght of the view previously set forth m this paper it 
W'ould be expected that if at all prolonged this pre limin ary interval 
might w^ell have a definite and detectable effect It would be expected 
to accentuate any mnate departure from the rectihnear character of 
the plots, or might senously affect the apparent magnitude of the tem- 
perature charactenstic This especially makes it impossible to use 
cnticaU}" much of the early matenal on msect development (cf San- 
derson, 1910, Sanderson and Peaus, 1913), although it supphes mter- 
esting suggestions In the most carefully cdnducted expenments the 
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adherence to rectUinearity is certainly satisfactory (cf Croder, 1924- 
25 b, Bliss, 1925-26, Brown, 1926-27) 

The fact that the same temperature characteristic holds for mean 
growth veloaties at different points on a curve of development (Fig 7) 
must be taLcn to signify that within the range considered the shape of 
the imdcrlying cun e very nearly is the same at different tempera 
tures, hence, that only one “veloaty constant” is materially effective 
or else that if more than one be invoh^ed, their temperature charac 
tcnstics are the same * 

The net result may be stated by saying that while the control of 
growth veloaties by chemical reaction veloaties seems adequately 
shown, It 13 yet highly desirable that further data be secured by im 
proved methods, there is some mdication that the controlling reactions 
may belong m categones with those found by their temperature 
diaractenstics to be implicated m other and quite diverse vital proc- 
esses There is as yet scarcely suflSaent evidence to verify the pre 
diction that the curve relating log veloaty of growth to l/T®, when 
‘Vcloatv^’ -* reciprocal of time required to reach a defined stage, 
should be slightly curvilmear But there is indication that growth 
\'cIodtie3, where evidenced as constant rates of increase, adhere satis- 
factorily to the Arrhenius formula, and even when we may quite reason 
ably expect that an “autocatalytic” system is mvolved, the agreement 
IS often as good as might be desired The values of the temperature 
characteristics secured for growth phenomena are quite vaned, >et 
they cluster rather defimtely about the following magnitudes 7-8,000, 
11-12,000, 16-17,000, 20,000, 24,000, 27,000 (this summary is based 
upon studies of a number of cases additional to those specifically 
mentioned m this article) Consideration of the properties of the 
equation which describes the veloaty of an autocatalytic process 
(Section IV) shows how this sort of result may be obtamable, 

* With itgwd to vtlodtits of regenerative growth which Id certain cases at 
least appear to adhere to typical growth curve* there doe# not exist any con 
ridcrahle body of data. We may ate the following mitances. The regeneration of 
hydranth in Tubttlarxa thfoorc 1910) has been dted In an eaiher paper (Croncr, 
1924-25 5) Mcasuremtaits of the rate of regeneration (motphylhuds) in plan 
arlans Indicate a high temperature coeflBdent (LQUe and Knowlton 1897, Vandel 
1921-22) butaremsuffidentfortnal)*ai5. 



72 


GROWTH CURVES IN RELATION TO TEMPERATURE 


VI 

SUMMARY 

The velocity of growth, taken as the reciprocal of the tune reqmred 
to attain a given size or stage of development, obeys with some exact- 
ness the Arrhenius equation for relation to temperature The values 
of fly and the type of “breaks’^ found m the curves connectmg velocity 
and temperature, are similar to those found m the case of various other 
vital activities More precise data, particularly from experiments in 
which parts of the given developmental stadium are passed at differ- 
ent temperatures, may strengthen present mdications that this rela- 
tionship IS not absolute It is pomted out that the equation for an 
autocatalytic process, taken as descriptive for growth, predicts par- 
ticular sorts of deviation under these conditions, which have m one 
instance been obtamed experimentally, and may at the same time 
nevertheless permit the apparent temperature charactenstic for (aver- 
age) growth velocity to agree rather closely with that for one of the 
two veloaty constants present m the correct autocatalytic equation 
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EXIT OF BYE FROM LIVING CELLS OF NTTELLA AT 
DIFFERENT pH VALUES * 

By MARIAN IRWIN 

{^From the LaboroloHcs cf The Roclefellcr Institute for Mcdiccl Research ) 
(Accepted for publication, July 6 1926 ) 


IMTliODtlCnON 

The purpose of the present paper rs to outline a theor> ^ of the pene- 
tration of a dye (brilliant cresyl blue) into living cells of iVne/fa,* 
and to examine how far this theory is in harmony with the facts found 
in studymg the exit of the dye from the cell 

• This work was In part done when the writer held a Fellowsldp in the Bio- 
logical Sciences of the National Research Council, W ashlngton D C 

^Another theory previously proposed by the writer (Irwin hL J Gen 
Physsol 1922-23 v 727) regards the rate of penetration and the final equilib- 
rium os dependent primarily on the concentradoa of the salts of proteins or weak 
adds, \A at the mface of the cells which combine with DS to form a com 
pound capable of diffusing Into the sap But on further expenmentation the 
wnter has concluded that there are many oblcctions to this theory The most 
tenons objection of aH is found in the fact that the rate of penetration seems to 

be directly proportional to the ratio for each particular d>’e at various pH 

values, when a comparison of the relative rates at these pH values Is made by the 
wnter among several basic dyes having different apparent dissodadon constants. 

Penetration is regarded by the following wnten as dependent on the com 
biningof d>'e ions with proteins Bethe, A> Bii>ckem, Z 1922 ccivii, 18, Rohde 
K. Arch fCT Pkysioi 1920 dirril 114 Pohlc E, Deutsck med Weeb 
1921 dvil 1464 CoUander R, Jahrb muaisch Bet 1921 lx, 354 Mathews, 
A. Am J Physiol 1898, U 445 

^NiSdla Is a fresh water plant with multlnuclcate cells up to 4 Inches m 
length, having an outer cell wall, beneath which Is a very thin laver of protoplasm 
surrounding a relatively large central vacuole. The pH value of the sap in the 
vacuole is about 5 6 and the sap contains about 0 1 u halides In addition to 
organic adds and protein 
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The theory ® ^ states that the dye exists m (at least) two forms, one 
of which IS the “free base”® which we may call DB, soluble in chloro- 
form, and another, which we may call DS, httle or not at all soluble in 
chloroform When the pH value of the solution mcreases a part of 
DS is changed to DB (and Dice versa), so that at each pH value these 
two forms are m equihbnum with each other (and possibly with a 
third form, which may be a pseudo base found at stdl higher pH 
values) The nature of DB is stiU an open question According to 
the theory of Hantzsch and others® both DB and DS may be treated 
as salts, DB being a quaternary ammonium salt which is capable of 
imdergomg a further salt formation owmg to the presence of other 
basic groups The foUowmg^ may make this clear by usmg cresyl 
blue as an example 


A 



DB colored blue m 
water and red 
in chloroform 
Soluble m chlo* 
roform and 
water 


decreasmg pH DS colored blue in 
^ water Solu- 
ble m water 

increasing pH but little or 

^ not at all m 

chloroform 


^ Irwin, M , J Gen Physiol , 1925-26, vui, 147 
Insin, , J Gen Physiol , 1925-26, ix, 561 
^ In former papers (see Foot-notes 3 and 4) this free base was called DOH 
for con\enieDce but m order to avoid any possibility of confusmg DOH with 
the d\e h\drate (which may not be the form we are dealing with), it will be 
called DB hereafter 

® For a discussion of the theory of mdicators see Hennch, F , Theones of or- 
ganic chemistry , translated by John Johnston and Dorothy Hahn, London, 1922 
• For the formula see Conn, H G , Biological stains, Geneva, New York, 
1925, 51 
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In the case of bnlliant crcsyl blue, DB and DS have the same color 
If the above descnption of DB and DS is correct DB may be a strongly 
dissociated salt like DS On the other hand, DB may be regarded as 
an undissoaated molecule, and DS a strongly dissoaatcd salt Ex 
periments are bemg earned out by the writer to deternune the behavior 
of DB m this respect Dr Gnnnell Jones has kindly determined the 
change in the conductivity of chloroform with and without the dye. 
When 100 cc, of pure chloroform were shaken up with 1 liter of ii/lSO 
borate buffer solution at pH 9, the speafic conductivity of this chloro- 
form was found to be 6 X 10”^° \Vhen the same volume of chloro- 
form was shaken up with 1 liter of u/150 borate buffer solution at 
pH9 contammgSn X 10"* ir bnlhant cresjl blue imtil there was prac 
tically no dye left m the aqueous solution, the specific conductivity of 
this chloroform was found to be 233 X lO'*" (about forty times greater 
than that of the chloroform containmg no dye) This indicates 
that some or all of the d>e exists in the chloroform in dissociated form 

The behavior of these two forms is very different. Apparently* 
DB can pass through the cell rapidly but DS penetrates extremely 
slowly or not at all 

Although it is evident that the form of the dye* which pnnapaUy 

• In connection with thli it may be assumed that DS corresponds with the loos 
and DB with the undissociated molecule* of a weak base, add, or salt. In the 
paper by Hoagland and Davu (Hoagland D R* and Davis A, R, / Gen 
Physwl 1923-24 vi 47) it Is itated that the time of exposure of the living cdls 
of HikJla to solutions containing NOj or Br Ions is a matter of da>'» before a 
detectable amount is found in the sap even at a favorable external pH value, 
temperature and condition of h^t* The time of exposure on the other hand 
in the case of the penetration of creiyl blue mto Nitelh at a favorable extcmal 
pH value, and temperature U a matter of second*. This fact agrees very well 
with Osteihout s suggestion (see Foot note 10) that the undiisocinted mole 
cules enter the cdl, while the ions enter only very slowly or not at all Further 
more it agrees wiA the writer’* theory since the halides are only very slightly 
soluble in substances like chloroform and benxene and in thi* respect the halides 
correspond with DS of the basic dye, 

* The following wnten state that some basic dyes enter the living cella as a 
free base Overton E, Jabrb vnuntsch Bd 1900 xlUi 669 Harvey E N 
J Exp Zool 1911 X, 507 Robertson T B J Biol Ckenu 1908 rv 1 
McCutcheon M and Lucke B J Gat Pkynot 1923-24 vi 501 It is stated 
by Brooks, M M,, Avu J Pkyttol 1926 Ixxvi 360 that an add d>*c 2 6 dlbro- 
mophenoi Indophcnol penetrate* Valonta only In the fonn of an undissoaated 
molecule. 
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penetrates the cell is the one which is soluble in chloroform, the wnter 
does not wish to subscnbe without reserve to the hpoid theoiy in its 
present form 

Previous experiments'’* have shown that when the external concen- 
tration IS kept constant throughout the experiment, the entrance of 
the dye is found to follow the equation 

where a = the concentration of the dye in the sap at eqmhbnum and 
X = the concentration of the dye m the sap at the time i, while k = 
the veloaty constant When the values of x are calculated from this 
equation they are found to agree very closely with the observed 
This agreement of course does not detenmne whether the process is 
governed by diffusion or by chemical reaction 
The temperature coeffiaent, furthermore, for the rate of penetra- 
tion between 20°C and 25°C is very high (above 4) but this again 
may not necessarily indicate that the process is controlled by a ghemi- 
cal reaction rather than by diffusion 

Until further knowledge is obtained concerning the temperature 
coeffiaent for the diffusion of substances through an artifiaal system 
which more or less closely resembles the hvmg cell of NiteUa, and in 
which the passage of solute molecules or ions from one solvent phase 
to another probably does not depend upon forces of the sort usually 
regarded as “ph3fsical” it is not possible to determme whether the 
rate is governed by simple diffusion or by chemical reaction 
It IS qmte possible that under some arcumstances it is controlled 
by diffusion and imder other arcumstances by chenucal combmation 
Smce we are unable at present to deade whether the rate is con- 
trolled by diffusion or by chemical reaction let us for the sake of sim- 
phaty assume that it is diffusion, since in this case the mechanism is 
less comphcated, and proceed to analyze the data on this basis 
After this is done we shall discuss the alternative hypothesis, t e , 
that the rate is controlled by chemical reaction 
If ive assume that the rate is controlled by diffusion, the mechanism 
may be explamed as indicated by Diagram A (the cell wall bemg 
omitted) In this diagram nothing is said regarding combmation of 
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the dye with a cell constituent but this does not indicate that there h 
no possibility of such a reaction in the protoplasm It is regarded, 
for the present, as not affecting the rate, it Is therefore omitted in 
order to simphfy the diagram 


DBZ DS 

VTI vactide (tap) 

— s — 

VI vacBoUrwriace — 


DB 

1! 

V Inner b.>Tr 


11 

DBZ DS 

11 

lY middle Uytr 

^ Protoplaun. 

11 

DB 

ni ootei layer 


1 

n external mrface - 


DB Z DS 

I external eolation 


Dlagmn A. The cell wall Is omitted for convenience. 


Diffusion is designated by the sign ^ , equilibrium between DB and 
DS by the sign z For convenience the process Is divided into seven 
parts The inner and outer layers (HI and V) are hypotheticaL 
The vacuolar surface (VI) represents the protoplasmic surface m 
immediate contact with the sap, while the external surface (II) reprc' 
sents the protoplasmic surface in contact with the external solution 
In I, IV, and VII, DB is in equflibnum with DS and a constant ratio 
DB 

of is maintained in each medium as long as the conditions remain 

unchanged The concentration of DB in one pert is m definite rela 
tion with that of DB in any other part of the diagram Thus, for 
example, if the concentration of DB in the external solution (I) is 
changed, successive changes in the concentration of DB In all the parts 
of the cell take place. It is assumed that DB diffuses through HI 
and V while DS diffuses to such a slight extent os to be negUgiblc in 
the present case. For penetration the vcloaty of diffusion of the dye, 
DB, from I to VH is greater than that from VTI to I while for the exit 
the veloaty from VII to I is greater An eq[uilibEium is established 
when the velocity of the inward diffusion is equal to the outward 
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diffusion At equilibnmn the concentration of DB in the vacuole is 

proportional to the concentration of DB in the external solution 

depending on the apparent^® dissoaation constant and on the distn- 

, „ ^ ^ DB in the sap ^ 

bution coefhaent C = -77:5 rr : ] — n . — ' ^ 1, the 

DB in the external solution 

concentration of DB in the sap at equihbnum is equal to the con- 
centration of DB in the external solution If C is lower than 1 , 
the concentration of DB in the sap wiU be lower than that of DB in 
the external solution, and vice versa Since there is maintained m the 

DB 

sap a defimte ratio of the concentration of DS depends on the 

concentration of DB Thus the final concentration of the total dye 
(DB and DS) in the sap at equihbnum will depend on the apparent 


dissoaation constant of the dye e the ratio of J m the sap, on 

DB 

the partition coeffiaent of DB, and on the ratio of in the 

J -/0 


external solution 

Accordmg to this scheme it is possible to study the mechanism 
either of the penetration of the dye into or of the exit from the 
vacuole, by determinmg the concentrations of the dye (DB plus DS) 
in the sap, as long as the color of DB does not differ from that of DS 
The rate of penetration wiU maease and that of exit wiU deaease 
when the concentration of DB just outside the external surface ( 11 ) 
IS inaeased The reverse is the case when the concentration of DB 
in the sap is mcreased as, for example, by any change m the 
medium which changes the apparent dissoaation constant of the 

dye e the ratio of or by a change in the solubihty of DB in the 


sap 

The theory thus outhned accords with the facts previously obtamed 
for the penetration of dye ® Let us now consider whether it accords 
with the facts obsen’^ed m connection with the exit of dye from the cell 
We shall proceed upon the assumption that when a stamed cell is 
placed in a solution contaimng no dye, the dye comes out accordmg to 


*®03terhout, W J V, / Gen PJtyswl , 1925-26, viu, 131 Osterhout, 
W J \ , and Dorcas, M J , 7 Gen Physiol , 1925-26 ix, 255 
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the scheme outlmed m Diagram A (the outward process VII I from 
the sap to the external solution) We shall test this assumption bv 
experiments 

n 

Mclltods 

Living ccBs of NiieUa were placed in 8 6 X 10~* u brilliant cresyl 
blue at pH 8^ for 17 minutes, when the concentration of the dye in 
the sap reached 7 94 X 10~* ii (The concentration of dye m the sap 
was determined colonmctrically as described below) The cells 
were then removed from the dye solution, gently wiped with a damp 
doth, and distnbuted in solutions at different pH values 5 4 to 
8^) contammg no dj e At definite mter\Tils a few cells were removed, 
and the concentration of the dye m the sap was determmed by the 
colonmetnc method as follows The end of each cell was cut and the 
sap was gently squeezed out onto a glass sUde, the sap was drawn up 
into a capillary tube the color of which was matched with that of the 
capfllary tube of the same diameter contammg a standard dye solution 
In order to avoid experimental error from the presence of the dye 
in the external solution, onlv six cells were placed m 200 cc of solution 
(without dye) and the solution was constantly stirred and changed 
every IS seconds This method gives the maximum vcloaty constant 
for each experiment, there is no further increase in the velocity 
of the exit of the dye if the frequency of sUrrmg and of changing the 
solutions is increased 

The concentration of the external dye solution (8 6 X 10“* u) is 
chosen because this is sufl5aently dilute to avoid error due to the adher 
mg of the dye to the surface of the cell, after the ceU is removed and 
wiped with a damp cloth The cellulose wall is not stamed when cells 
arc placed in this concentration of dye at pH 8 2 
If too high an external dye concentration is used, the exit of the 
dye from the sap is hmdered (even when the cell wall is not stained) 
when the cells arc removed from the dvc solution and placed m a solu 
tion without dye, though the latter solution is constantly stirred and 
changed This decrease in the rate of the exit of the d> e is due m all 
probability to the fact that the dye adhering to the surface of the cell 
cannot be washed away quicUy enough This complication may 
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be eliminated by usmg an external solution which is at least seven 
times more dilute than the concentration of the dye m the sap which 
is chosen for the experiments In order to be absolutely certam that 
the concentration used avoids this experimental error the experiment 
was repeated with still lower concentrations but it was found that the 
result was not altered 

All possible care was taken to have aU the cells used at one time as 
alike as possible, so that the differences m the rates were due chiefly 
to the experimental conditions and not due to the difference in the con- 
dition of the cells before the experiments began Unless otherwise 
stated, the Nilella used was obtained from Cambndge and the expen- 
ments were earned out in early fall when the cells were m excellent 
condition 

The tests for early stages of injury are very unsatisfactory The 
appearance of masses of chlorophyll in the expressed sap, the rapid 
exit of hahdes from the mtact cell, and the loss of turgidity all indicate 
advanced stages of mjury rather than the first For this reason it is 
desirable to control the experiments in some way so that we have a 
more or less uniform method of detectmg the condition of the cell 
immediately after the experiments To do this, after each expenment, 
some of the cells were tested for mjury by placing them m distiUed 
water, and for 4 days^^ at intervals of every few hours the percent- 
age mortality was compared with that of the control cells (fresh cells 
placed in distilled water under same conditions) It was found that 
the percentage mortahty of the cells thus treated was about the same 
as that of the control cells 

These experiments, like those heretofore desenbed® * by the wnter, 
•were earned out in an incubator at 25 db 0 5°C , into which diffused 
light was permitted to enter through small ventilating holes 

The buffer solutions used were m/ISO phosphate mixtures The 
pH values of these buffer solutions were determined by means of the 
hydrogen electrode The dye used was that of Gnibler, and was 
taken from the same stock bottle as the one used in the wnter's 
experiments® * on penetration 

’'It IS not desirable to continue such a test for any longer penod since the 
comparison bctisecn the test cells and the control cells becomes more doubtful, 
in anew of the fact that even the control cells do not live indefinitely in the 
laboratory 
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HL 

Analysts qj the Tme Curves 

That Icmenng of the pH value of the external solution (containing 
no dye) hastens the exit of the dye from the sap of hving cells of 
Nitdla is indicated^ by the curve in Fig 1 At low pH values (5 4 
to 6) the process may be followed until practically all the dye has 
come out of the sap without causing injury to the cells, but at higher 
pH values injury or death may occur The curves given in Fig 1 
represent the process when the cells are not mjured 

At higher pH values of the external solutions here employed it is 
probable that aB the dye in the sap would eventually be found to 
come out of the vacuole if we could continue the experiment long 
enough and still Leep the cell from being injured The analysis of 
the time curves therefore is made on the assumption that at the end of 
the process the concentration of the dye in the sap is zero at all exter- 
nal pH values 

The % eloaty of diffusion is assumed to be proportional to the differ- 
ence between the concentration of DB in the sap and that of DB in 
the external solution According to the present theory, there is a 
DB 

dehnite ratio of ~ in the sap and in the external solution, so that 

for mathematical treatment the concentration of DB m both may 
be replaced, for convenience, by the concentration of the total dye 
(DB and DS) which we actually measure Since the concentration 
of the dye m the external solution is approximately zero, we may in 
the followmg equation let a denote the initial concentration of the dye 
in the sap, x the concentration of the dye that has disappeared from 
the sap at tune /, and k the velocity constant of diffusion We may 
then write 

or 

When k is calculated for each time curve it is found to decrease 

** These results ctmfirm those obtained ptevumsly by the writer (Irwin hL 
J Cen Phyrbl , 1922-23 v 223) It may be added here that the writer has 
chosen to study the exit of the dye by the method presented in this i»apcT first, 
because other methods offer greater cotnplIcnUons. 



TABLE I 

Exil of Bnlhanl Crcsyl Blue from Lmiig Cells of Ntlella at Varying External pE Values at 25°C 

doo 

The process is represented by the equation k {d where a is the initial concentration of dye m the sap, a -- the 
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sbghtlv as the concentration of the dye (DB and DS) In the sap 
approaches zero (Table I) This decrease m the value of it may be 
explained on the ground that there is a relati\ e mcrcose in the velocity 
of the inward process due to an increase in the ratio of DB in the 
film just outside the external surface (II) to the DB in the outer 
!a>er (111) and hence to the DB or to the total d}e (DB and DS) in 



cells of Nliella at diflerent external pH vahea at 25*C, when the Initial concen 
tiatlon of the dye in the sap is 7 94 X 10~* iL The ordinates represent the con 
centrations of dye in the sap while the absossa represent time. The curves as 
drawn represent the calculated values of the concentmtion of the dye In the sap 
whBe the symbols represent the obser\xd values. Each point on every curve Is 
an average of fifty eiperimenti» and the probable error of the mean is leas than 
8 per cent of the mean 

the sap, Since toward the end of the process, vvhere there is a \ery 
htUc dye (DB and DS) left in the sap, the amount of DB in the 
film just outside the external surface (It) may no longer be a 
constant fraction of DB in the outer layer (III) and of the total 
dye in the sap os was the case at the begmning of the process 
(this will be discussed later on) Since this decrease in the con- 
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stants IS not very great, the average is taken of all the veloaty 
constants at each external pH value When the values oi a — x 
are calculated for each tune curve by using the average value of h, 
thus obtained, they are found to agree fairly closely with the observed 
except toward the end of the process, where there is an indication that 
the calculated values are shghtly lower than the observed, as shown 
under pH 5 4 and 5 7, Table I 

In connection with the analysis of the tune curves it may be well 
to repeat the foUowmg m order to avoid misunderstandmg (1) It 
makes no difference m the form of the tune curve whether we measure 
DB alone or DB + HS m the sap, smce DB and DS stand m constant 
relation as long as the conditions, such as the pH value of the sap, re- 
mam imchanged We actually measure DB plus DS (called the “total 
dye” for convemence) in the sap and the analysis of the tune curves 
is made by usmg the concentrations of the total dye (2) The con- 
centration of the total dye in the sap is affected by the concentration of 
DB m the other parts of the ceU, and m the solution outside the ceU 
Thus, for example, if the concentration of DB m the outer layer ( ITT 
in Diagram A) is decreased, the concentration of DB and hence that of 
the total dye m the sap is decreased 

When the temperature coeffiaent between 20° and 25°C , for the 
exit of the dye at pH 5 7 and also at pH 7 8 was determmed, Qiq was 
found to be about 4 

rv 

The Relation of the Vdoctly Constant to the pR Yalne of the External 

Solution 

The time curve for each external pH value is found (see Table I) to 
follow approximately the equation 

f “ * 

where a denotes the initial concentration of DB in the vacuole mmus 
the concentration of DB m the external solution (which m this case is 
practically zero), x the amount of DB that has diffused out of the 
vacuole at the time t, and k the veloaty constant In both cases, 
DB for convenience is put equal to the total dye which is actually 
measured 
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If the sUmng and frequent changing of the external solution kept 
the concentration of DB equal to zero just outside the external surface 
of the protoplasm (which is designated by H, the external surface, in 
Diagram A), we should expect to find the same values of k for all 
external pH values But the value of k decreases with an mcrease in 
the external pH value, ns shown in Big 2, and the explanation for 


X 



pH 


Fio 2 Curve ehowing the relation of the external pH viJua to the rates of 
the exit of the dye (symhol x) nwi also to the vcloaty constants (symbol • ) 
The ordinates represent the rates, and also the velocity constants muItipUed 
by 5 2 ffor convenience of plotting) and the absdssaj represent the pH values- 
of the external solutions- 

this may be that the concentration of DB at the external surface 
changes as the external pH value changes Let us assume that just 
outside the external surface of the protoplasm there is a hqtod film 
more or leas protected agamst the direct effect of stlrrmg by the 
cellulose wall and that m this film a certain amount of DB (a 
certain percentage of which is at once transformed to DS) collects 
as it comes out of the cell, also that the total amount of DB 
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which comes out is approximately the same in all solutions 
contammg no dye, but the per cent of it which remains in the form 
of DB depends on the pH value of this film (which is assumed to be 
approximately the same as that of the external solution since the latter 
can penetrate freely through the cellulose wall into the film.) since a 
certam amount of DB will change to DS depending on the pH value of 
the film 

When the cell is removed from the dye, wiped, and placed m a solu- 
tion in which no dye is present, DB begms to diflfuse from the vacuole, 
the protoplasm, and the film just outside the protoplasmic surface 
We may assume that the concentrations m aU of these places faU 
off together, so that when the concentration in the vacuole has fallen 
to half the value it had at the start, that of the protoplasm and the 
film wiU also have fallen to approximately half value In that case 
we may regard the falhng off in the protoplasm and m the film as 
foUowmg an approximately unimolecular curve (smce we have foimd 
this to be true of the dye m the vacuole) and consequently the 
amount of DB in the film will be an approximately constant fraction 
of that in the sap If we call the dye in the sap a — x and designate 
as y the amount of DB m the very thm layer m immediate contact 
with the outer surface of the protoplasm we may write 

y = 6 (o — x) 

in which is a constant expressmg the amount of DB in the film 
as a fraction of the amount of DB (which for convenience is put 
equal to the total dye) in the vacuole throughout the process at any 
one external pH value 

When the pH value of the external solution changes the value of 
b wiU also change, since the per cent of DB in the film will be altered 
In order to see how this will affect the rate of exit of the dye from the 
vacuole, let us first consider the case where there is no effect of y on 
the veloaty constant Smce accordmg to our analysis of the tune 
curves, the dye comes out of the vacuole in a unimolecular fashion, we 
may wuite 

dx 

- - (a - x) 

at 

in which is the velocity constant of the process when dye is present 
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on one side of the surface only This ejpression gives us the rate of 
exit of the d> e when there is no dye in the film. When dye is present 
in the film a certam amount diffuses bacLinto the cell The true rate** 

^ Cntiosm may be made as to thla method of mathematical treatment since It 
involvta the cmmdcmtion of the dlffuswci of DB threragh only one very thin sur 
face vdicn m fact the protoplasm of NtltJIa consists of more than one such law 
E^Tn if we were to treat the entire protoplasmic U> er as one surface, the quesUoo 
ma> be raised as to bow fat we arc Justified in considering the protoplasm to be thin 
enough for such a mathematkal trcatmenL If we consider the diffusion of BB 
through two surfaces the vacuolar and the external surfaces (n and W in Dia 
gram A) one at a time then we may modify the analysis given In the text m the 
foUowmg maimer The amount diffusing Inward through the external surface la 
unit tunc when DB is present In the film only kiy (Just os described in the 
text) Let us assume that the amount diffusing mward m unit time through the 
vacuolar surface Trhcn there is no DB m the vacuole is a constant fraction of hiy 
so that rre may put this amount equal to ckiy in which c is a constant The 
amount diffusing outward In unit time through the vacuolar surface when DB is 
present In the vacuole but not In the protoplasm or m the film (DB fictitiously 
introduced Into the vacuole without getting into the protoplasm) Is Jtt (j — x) 
Hence we take the difference between the amount going outward throu^ the 
vacuolar surface and the amount passing inward through the vacuolar surface and 
we have 

~ (o - x) - 

put y •« 5 (a — x) in which 6 is a constant (fust sls given la the text) then 
^ - h (a - x) ~ WcC» ~ *) 

(a~x) 

or on integration 

since we arc not able to venfy the values of the constants b and c expenmentallyy 
and Since assuming a value for either 6 or c Is very unsatisfactory we arc not able 
to explain the mechanism any more coovindnjfy than we have dona in the text 
Hs^jeriments arc now in progress to sec whether it is possible to determine the 
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of exit IS the resultant of these two processes and may be found by 
subtracting the amount which would diffuse inward if dye were pres- 
ent on one side only from the amount that would diffuse outward if 
dye were present on the other side only Hence we may wnte 

— •= ki {a — x) — ki y 
at 

Substitutmg in this equation the value y = 6 (o — «) we have 

— (a — x) — 6 (o — x) 

dt 


— =• (fcj — h b) (o — x) 
di 


or, on integration, 


h- hh 



a 


a ^ X 


h (1 - h) 



a 


a — X 


and 



We may put ki (1 ~ 6) = ky 

a y ^ ki — k 
we nave b = — z — 

C “ X ki 


substitutmg the value k 



constants expenmentally m order that we may know ]n greater detail what the 
controllmg factor is for the rate of penetration mto and that of exit of the dye 
from the \^aiole 

It might be possible that the rate of penetration into and that of the exit of 
the d> e from the vacuole are controlled by the rate of diffusion of DB through 
onl\ one \ er> thm la> er m the cell, (the layer through which the diffusion of DB 
IS the slowest) \Miether this is represented by the external surface (11 m Dia- 
gram A) or b^ the vacuolar surface (yi) or by some other part of the cell, we are 
not able to state definitely at present In all probability under varying condi- 
tions the controlling layer \ anes 
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Tte values of a, x, and ( may be obtained experimentally but the 
values of and 6 cannot be obtained in this wa> We may, however, 

assume an approximate value of ki and we are justified in doing this 
amce we are mterested in relative rather than In absolute values 
The analysis of the time curves shows decreasmg values of k (see Table 
I and Section HI) with increasmg external pH values When such 
It 



DB in -pen cent 

Fio, 3 Curve ihowing the relation of the velocity cooitanU (i) plotted as 
ordmatca to the concentrations of fiee base (DB) fn per cent as absdssae. 

values of k are plotted as ordmates and the concentration of DB 
in the external solution expressed as per cent of the total dye, 
(obtained from the experiments^ made by the wnter on the distribution 
of the dye between chloroform and water) are plotted as abscissae, 
we obtain the curve shown in Fig 3 The curve mdlcates that when 
DB (and consequently y) equals zero, the value of A is somewhat above 
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TABLE n 

The Relation oj the Dye tn the Film Just Outside the Protoplasmic Surface to the 
Dye ill the Vacuole, at Dijfcrcnt E\tcnial pE Values 

The values of b are obtained by the equation & = (^i — - log — -■) — ^inhere 

t a — X 

k\ denotes the veloaty constant of the diffusion of the dye into or out of the hvmg 
cell of Nztella where dye is present on one side of the protoplasmic surface only 
(the value of k\ is assumed to be 0 37), where a denotes the initial concentration 
of dye m the vacuole, x the amount of dye that has diffused out of the vacuole 
at time t, and where 6 is a constant expressing the concentration of DB in the 
film as a fraction of the concentration of DB m the vacuole throughout the 
process at any one external pH value Knowing the values of the values of 
y are obtamed by the equation y — h {a — x) where y denotes the DB m the 
•film, a ^ X the DB in the vacuole Values of y thus obtained are relative values, 
since the given observed values of a — x represent the “total dye” (DB + DS) 
Calculation is made with a 20 inch shde rule 
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0^ Extrapolation has been attempted by vanous methods but TOth 
such a curve it is very difficult to obtam any reliable result We 
may assume, however, that we are not too far from the true value if 
we take the maximum value of A to be 0 37 
If we solve for the values of 6 m the above equation, we find that 
they remain fairly constant for each external pH value, but they 
mcrease with an increase m the external pH value as shown 'in 
Table IT It may be stated here that the values of b are the same 
whether a — x represents the “total dyc“ or BB 
Knowing the values of h and o — x, we may calculate the values of 
y by means of the equation y ft (a — x) for any value of a ~ x 
as shown m Table H 

In calculating the values of y, the observed values of a — x (Table 
H) representing the “total dye” m the sap are used for convenience 
Since we are mterested primarily m the relative values of y, such values 
will give us the desired information It is needless to state that If 
the values of BB m the sap were used mstead of those of the total 
dye (BB plus BS), the values of y would be considerably lower than 
those given m Table H, but the ratio of one value of y to another 
would rcmam unchanged 

At each external pH value the values of y are found to increase with 
increase in the value of c — x If we take a fixed value of n — x 
and compare the values of y at different pH values, we find that the 
value of y Increases with an increase m the external pH value 
In order to bring out clearly the effect of y on the veloaty con 
stant of exit we may return to the equation on page 90 
i - ii - l,b 

and substitute the value ft “ a ^ x have 


It may be added here that the values of ft ore the same whether 
a — X represents the “total dye” or BB 
I.et us now consider the relation of y to the per cent** of BB in 

**Thc dfasouaJon of the apparent dlssodatioa constant is gi\*en in detail in 
the paper referred to m Foot note 3 
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the film (as determined by the pH of the external solution) We shall 
take for convenience the values of y where a — a: is 4 5 X 10~® at differ- 
ent external pH values and take the percentage of DB as calculated 
from the distnbution of DB between chloroform and water at differ- 
ent pH values of the external solution 

Let us first see if the values of y at different pH values are propor- 
tional to the values m per cent of DB obtamed from the dissoaation® 
curve of the dye (which gives the DB in per cent calculated from the 
data obtamed by the experiments on the distnbution of the dye be- 
tween chloroform and water) If we take for convemence the value 
4 5 X 10~® M for u — it and find the value of y at pH 7 8 at which pH 
value 20 per cent of the dye is in the form of DB (accordmg to the 
dissoaation curve) we are able to calculate the values of DB m per 
cent on the basis of the values of y at other pH values (smce we know 
the values of y for this fixed value of a — a:), by the followmg equation 

yx 

— C3 — 

yi tni 

when j'l = the value of y at pH 7 8 = 4 X 10~® M 

j ’2 = the value of y at another pH value, say pH 7 5 = 38 X 10~^ir 
mi = 20 per cent 

= the DB m per cent at pH 7 5 
By substitutmg we get 

4 X 10~» ^ 

3 8 X 10-* ° wu 

wi = 19 per cent 

Where the values of DB are thus obtamed for different pH values, 
they are found to be higher than the values of DB of the dissociation 
curve 

Smce the values of y do not appear to be directly proportional to 
the A’alues of DB m the dissoaation curve, we may look for another 

relationship If we plot the values of PS m external fito 

y 

(at ^^^ylng pH values of the external solution) agamst the per cent of 
DB in the film (c), we get a fine which is fairly straight, as shown 
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in Fig 4 This indicates a relation corresponding to Langmuir's^* 
equation for adsorption, 


m n s 
1 + »fl» 



Fid 4 Graph ihowmg that Langmuir » equation y 


(in whidr 


1 +mx 

- — DB) may he applied to the process of the exit of the dve since the graph 
tt a straight line. Ordinates represent and the absdssaj represent a. 


■where y is the substance adsorbed by a fixed concentration of an 
adsorbent, s is the concentration of the solution at equilibnum, and m 
and n are constants 

This might be regarded as mdicating that the veloaty constant (k) 
of the exit of the dye depends on the value of y which represents the 


i*Langniulr L J Am. Cfunu Soc 1918 xl 1568. 



96 


EXIT or DYE FROM NITELLA CELLS 


amount of DB adsorbed by the protoplasmic surface from the film 
of external solution just outside the surface But the apphcabihty of 
this equation does not necessarily mean that we have to do with ad- 
sorption For example, as Hitchcock^® has pomted out, a similar 
relation apphes if we have to do with a reversible chermcal reaction 
where one of the reactants has a constant value 
It may be objected that if y represents the amount of DB adsorbed 
at the surface it wiU not be a constant fraction oi a — x dunng the 
entire process of exit of the dye but wdl be relatively greater dunng 
the latter part of the process From the results of calculations which 
neglect this factor it is evident that it is not one of suffiaent importance 
to effect any matenal change in the calculations here given 


DBF Z DSP 

Tl 

Vn vacuole (sap) 

\T vacuolar surface 

li 

DBF 

tl 

V inner la> er 

li 


DBF Z DSP 



IV middle layer 

DB + P Z DBF 


Tl 


li 


DB 

ni outer layer 

Tl 

t 1 

— n external surface — » 


DB H DS I external solution 


Protoplasm 


Diagram B The cell wall is omitted for convemence 

If the surface forces constrain the molecules of DB so that they are 
not free to diflhise we meet with a difficulty This diffijculty would 
disappear if a constant fraction of the molecules is so constramed 
smce that would merely lead us to divide the values of y by a con- 
stant factor 

The vTiter does not wish to lay any emphasis upon the fact that 
adsorption might possibly explam the relations observed but prefers 
to gi\ e the formula as a purely empincal one leavmg the mterpretation 
to future research 


‘'HitchcocL, D I, / Cell Physiol, 1925-26, viu, 61 
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The preceding discuision of diffusion applies whether DB is In the 
form of undis soon ted molecules or ions 
Let us now consider the hypothesis that the rate of penetration and 
Ukcvnse of ent of dye from the vacuole is controlled by a chem 
ical combination between DB and a constituent of the protoplasm 
For this purpose we may modify Diagram A to confonn to Diagram 
B or C 

EquHibnum between the two forms of dye is designated by the sign 
z and diffusion by arrows The entire mechanism represents a 
reversible process Let us first take up Diagram B DB can pass 
through m but DS cannot As DB enters IV, it reacts with P, a 
protq>Iasmic constituent to form DBP This form of dye compoimd, 
DBF, enters into equilibrium (accordmg to the apparent dissociation 
constant) with another form of dye compound, DSP, which may 

DB 

rcprejsCDt a tautomere, or a complex compound The ratio of — 
DBP 

and that of in IV depends on conditions in the protoplasm (pH 


value, solubility, etc ) DB, DS, and DSP are unable to pass through 
V, while DBP can pass through V but not through III When DBP 
enters the vacuole it establishes an equilibrium with DSP, the ratio 


,DBP 

DSP 


being dependent on conditions in the sap, so that as long as 


the latter remain unchanged this ratio remains constant The con 
centration of DBP m the sap is dependent on its concentration m 
the protoplasm, and on the concentrations of DB in aU the parts 
described m the diagram Thus, If the concentration of DB m HE 
dimmishes by its exit from m to I then DB in IV decreases by its 
exit from IV to HT, thus resulting in a decrease in DBP which in turn 
causes a corresponding amoimt of DBP to diffuse out from VII to IV 

We may consider a cell of Ni fella in a solution as representmg a 
heterogeneous system consisting of at least three phases (1) the exter- 
nal solution, (2) the protoplasimc layer, and (3) the sap m the vacuole 
If we venture to suppose that the protoplasm has non aqueous layers 
at its outer and vacuolar surfaces, we shall consider the system to be 
composed of at least five phases 

The relation of the reaction DB -f P z DBP in the protoplasm to the 
DB m the external solution may be made dearer if we consider the 
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hydrolysis‘s of an ester in hydrochloric acid when the ester is distnb- 
uted between HCl and benzene As fast as the ester is hydrolyzed 
in hydrochlonc aad, more ester passes m from the benzene The 
rate of hydrolysis is controlled by the distnbution coefBaent, C, of 
ester between hydrochlonc aad and benzene, smce the lower the value 
of C the less ester diffuses from benzene to the hydrochlonc aad in a 
given tune The equation for this process resembles that for a imi- 
molecular reaction in a homogeneous system The only difference 
is that this equation contams the correction for the partition coeffi- 
aent C 

Thus m the case of the reaction DB + P 2 DBP, the rate may be 
assumed to be dependent on the amount of DB that passes mto the 
protoplasm If the concentration of DB m the external solution is. 
raised, more DB will enter the protoplasm m a given time, and thi& 
will inaease the rate of reaction Exit of the dye from the protoplasm 
may also be explained on this basis If there is no DB outside the cell, 
DB wiU come out of the protoplasm, and with the decrease m tho 
concentration of DB m the protoplasm, the reaction DBP — »• DB + 
P will proceed faster, DB thus formed wiU contmue to come out until 
there is no DBP m the protoplasm But if the DB which comes out 
is not at once removed, a certam amount wih diffuse back mto the- 
protoplasm, so that m a given time the decrease m the concentration 
of DB m the protoplasm will be less than when there is no DB out- 
side This wiU correspondmgly retard the process DBP — > DB + P, 
and hence dimmish the rate of exit of DB 

So far as the relation of the reaction DB -f- P — > DBP in the pro- 
toplasm to the DBP m the sap is concerned, the same explanation wiU 
hold With an maease in the concentration of DBP m the proto- 
plasm more DBP wiU diffuse mto the sap If DBP m the protoplasm 
decreases, on the other hand, DBP will tend to come out of the vacuole- 
into the protoplasm The rate of the reaction wiU depend on the con- 
centration of DBP m the protoplasm If for example the concentra- 
tion of DBP m the sap is maeased, causmg a deaease m the amount of 
DBP diffusing out of the protoplasm into the vacuole, the concentration 
of DBP m the protoplasm wiU maease This maease wiU retard the 
reaction DB -f P — > DBP Thus the rate of reaction DB -f P — ^ DBP 

Goldsch m idt, H , and Jlesserschrmdt, A , Z physik Chan , 1899, sxn, 235_ 
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IS controlled by the concentration of DB and DBF in the protoplasm. 
Increase in BB wiQ hasten the reaction BB -f P BBP, wMe m 
crease m BBP will retard It The concentration of BB in the proto- 
plasnj depends on the amount of BB that enters or goes out of the 
protoplasm at a given Ume, and hence on the veloaty of diffusion of 
DB through II or HI in the diagram The concentration of BBP in 
the protopla m depends on the amount of BBP that goes out of the 
protoplasm into the vacuole, and the amount of BBP that enters the 
protoplasm from the vacude; at a given time, and hence the rate of 
diffusion of BBP through V or VI m the diagram, B It must be 
added here that the concentrations of DB and BBP are obviously 
interdependent 

In view of the fact that the time curve for the hydrolysis of ester in 
hydrochloric aad, as described above, follows an equation similar to 
that of an irreversible ummole color reaction m a homogeneous system, 
it 13 not surpnsmg that we find in the case of penetration of dye mto 
Ntlelh the unimolecular time curves for a homogeneous system 

Thus the analysis of the time curve of the ent of the dye may be 
made m this case by the use of the same equation as m the case of 
diffusion 

i.(a-l) - (t.,) 

where a denotes the concentration of BB at the start in the proto- 
plasm, c — a: the amount left combined with protoplasm at time f, 
and y the amount of BB in the film of liquid just outside the external 
protoplasmic surface. The presence of BB in the film will cause some 
BB to diffuse back, mto the protoplasm, and thereby retard the de 
crease of BB in the protoplasm. This retards the rate of the reaction 
BBP DB + P and hence it retards the exit of the dye from the 
vacuole 

What we actually measure is the concentration of the total dye 
(BBP and BSP) in the sap, and the value of a — x is taken from the 
amount of the total dye in the sap at equilibnum This method is 
justified since we are interested pnmarily in the relative values, and 
since we assume that the amount of the dye in the sap has a definite 
ratio to that of the dye in the protoplasm 

Another method of explanation is the following, as described in 
Diagram C 
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Protoplasm 


Diagram C Tbe cell wall is omitted for convenience 

DB can pass througli m and VI As DB enters at IV (the bound- 
ary between the outer layer and the middle layer) it combines with 
P of the protoplasm to form a complex compound DBP DBP now 
diffuses from IV to V (the boundary between the middle layer and the 
mner layer) and DB is given off at V to VI DB now diffuses into 
Vin In I, n, Vn, and Vm DB IS m equihbnum with DS The 
rate of DB + P — > DBP is controlled by the concentration of DB and 
DBP m the protoplasm, and the concentrations of these substances are 
dependent on the amount diffusmg m and out of the protoplasm m a 
given time It is hardly necessary to undertake a detailed descnption 
of this diagram, as it closely resembles Diagram B The only impor- 
tant differences are that the nature of the dye m the vacuole is not 
changed m this case, and that the reaction of DB -f- P DBP m the 
protoplasm takes place at the boundanes IV and V The latter may 
bnng m comphcations to such an extent that we may have no justifica- 
tion for usmg an equation for a homogeneous reaction Smce so httle 
IS known m regard to this, the investigation of this question will be 
left to the future 

The experimental results thus far obtamed do not show conclusively 
which one of the theones represents the mechanism It may be 
possible that though there are reactions takmg place between the dye 
and the protoplasmic constituents, the final result in both entrance 
of dj e into and exit from the vacuole is dependent on the diffusion 
(see Section I) of the dje (see Foot-note 13) 
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A rough analog) to the passage of dye may be found fn the case of 
entrance and esat of water into and from a reservou:, where the rate 
of mflow and outflow of the water depends on the conditions at the 
entrance and esdt, and not on the conditions m the body of water 
between these two points 

V 

RaU oj Exit Whm the pB Value of the Sap /r Changed 

The following experiments were carried out to determine if the theory 
thus proposed is supported by the obsen'aUons on changes in the 
rate of the exit of the dye when the pH \'alue of the sap is vane<L 
One lot of cells was placed in m/150 borate buffer solution at pH 
8 5 contaming 8 6 X 10“* M cresyl blue and 0 005 m NHiQ, at 
the end of 5 minutes there was 8 6 X M dye m the sap The 
cells were then removed, wiped with a damp cloth, and placed in an 
m/150 phosphate buffer solution at pH 6^ contammg no dye After 
2 mmutes, the concentration of the dye in the sap was found to be 
26 X 10-»M 

A second lot of cells was placed m 0 005 m NH^Cl at pH 8 5 m/ 150 
borate buffers at the end of 5 minutes the pH value of the sap had 
increased from pH 5 6 to 6 9 The pH value of the sap remamed at 
6 ^ when such cells were placed in a buffer solution at pH 6 il for 2 
minutes 

A third lot of cells was placed In m/ISO borate buffer solution at pH 
8 5 contaming 8 6 X 10^ M cresyl blue at the end of 45 seconds there 
was 8 6 X 10"^ M dye in the sap The cells were now removed, wiped 
with a damp cloth, and placed in an ir/lSO phosphate buffer solution 
at pH 6 J containing no dye After 2 mmutes the concentration of 
the dye in the sap was determmed and was found to be 5 9 X 10"^ m 
I n all cases the exj>enmenta were earned out at 25 it 0 S°C , and the 
solutions were constantly stirred and changed 
From these experiments it may be concluded that the rate of the 
cut of the dye from the cell sap is mcreased by presence of NHi in 
the sap which mcreases the pH \’alue of the sap Whether this 
mcrease in the rate is due to the mcrease m the pH value of the sap, 
or to the possible presence of NHj and consequent increase in pH \'alue 
m the protoplasmic layer or to NH 4 adhenng to the cell surface, the 
writer is at present unable to determine 
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The above observation is in agreement with the theory smce the- 
increase in the pH value would increase the concentration of DB in 
the sap and hence increase the concentration gradient, but in view 
of the fact that no appreaable changes in the pH value of the sap may 
be brought about without an injury to the cells, such a conclusion 
must necessanly be made with reserve Furthermore, the fact that 
the rate of penetration is decreased,*® while that of the exit of the dye 
is mcreased, when NH3 enters the sap, does not prove that the dye 
enters the ceU only in the form DB As already suggested by the 
wnter, m case DS enters,*® the rate of penetration®® may very well be 
decreased by the competition between the DS and the aqueous NH3 for 
the substances (mz salt of proteins or weak acid) in the protoplasm 
which may take place as NH3 and DS enter the ceU The presence of 
aqueous NH3 then would hasten the exit of DS from the cell, if the 
affinity of NH3 for the cell substance is greater than that of DS 

summary 

Experiments on the exit of bnlhant cresyl blue from the hving cells 
of Nttella, m solutions of varymg external pH values containmg no 
dye, confirm the theory that the relation of the dye m the sap to that 
m the external solution depends on the fact that the dye exists m two 
forms, one of which (DB) can pass through the protoplasm while the 
other (DS) passes only shghtly DB mcreases (by transformation of 
DS to DB) with an mcrease m the pH value, and is soluble m sub- 
stances hke chloroform and benzene DS mcreases with decrease in 
pH value and is msoluble (or nearly so) m chloroform and benzene 

The rate of exit of the dye mcreases as the external pH value de- 
creases This may be explamed on the ground that DB as it comes out 
of the cell is partly changed to DS, the amoimt transformed mcreas- 
mg as the pH value decreases 

The rate of exit of the dye is mcreased when the pH value of the 
sap IS mcreased by penetration of NH3 

*® McCutcheon and Lucke (see Foot-note 9) believe that the decrease in the 
rate of penetration of a basic dye into Nttella with an increase m the pH value 
of the cell sap is a direct disproof of the theory that the dye combines with a 
protein m the ceU 

*® Irwin, M , J Gen Physiol , 1925-26, ix, 235 
tUhen the pH value of the sap is decreased by an entrance of acetic aad the 
rate of penetration of dj e is cither mcreased or decreased, dependmg on the condi- 
tion (probabb of the protoplasm) of the ceU 
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In a prcvicrus paper (1924-25) I ha\"e shown that n filtered lununes- 
cent mixture of Cypnditia ludfenn and luoferasc has its luminescence 
suppressed (inhibited) b> light from a carbon arc in 2 or 3 seconds 
with 15,000 foot candles illumination The action of the light is upon 
the luafenn and not upon the luaferasc I have reported the sup- 
pression as partially reversible, the lummesccnce returning slightly m 
the dart, but am now indmed to regard this effect as apparent, due 
to better dart adaptation of the eyes The inhibiting wave lengths 
are In the blue violet region, X » 46;i to X “ 38/1 Consequently one 
finds no suppression of hnnmescence by red, orange, yellow, or green 
hght even after prolonged exposure 
The present paper deab with three further aspects of inhibition of 
luminescence by hght, namely (1) photodynamic action of dyes (2) 
influence of oxygen, (3) influence of H Ion concentration on the 
inhibition 

1 PJtolodytmmic Aclton of Dyes — ^As the dye sensitieation of many 
photochemical reactions is well known — notably that of the photo- 
graphic plate by dicyanin, pinacyanol, erythrosin etc,, and the photo- 
dynamic action of acridme, eosin, etc., on livmg tissues, enzymes, 
and antibodies — it is not surprising to find a similar effect of dyes on 
the inhibitory action of hght on Cypndma luminescence 

I ha\e said that inhibition is brought about by blue (4fl to 38^) 
hght but not by red orange, yellow, or green hght. However, if we 
add to the lucifenn-luciferase mixture one of a number of dyes, then 
we find that red, orange, yellow, or green hght will inhibit the lumines- 
cence in a few seconds The wave length of light which will inhibit 
103 
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Cypndina luminescence in the presence of sensitizing dye depends, of 
course, on the position of the absorption band of the dye, only those 
wave-lengths inhibiting which are absorbed The converse is not 
necessanly true, that if a dye possesses an absorption band it is a 
photosensitizef with respect to that hght There may be or may not 
be sensitization 

A number of dyes have been tested by a student of rmne, Mr A 
Hunsberger, Jr The method is this In a dark room, light from a 
carbon arc in a dark house passes through 6 cm of water and is con- 
densed to a small beam which strikes the middle portion of a narrow 
test-tube containing the luminescent mixture of Cypndina lucifenn 
and luaferase The hght beam can be colored by hght filters and cut 
off mstantly by a photographic shutter The luminescence of the 
exposed area of the test-tube is then compared with the non-exposed 
regions above and below 

Wratten gelatin filters were used to obtain hght of a known range 
of wave-lengths As the percentage transrmssion of the filters vanes, 
some bemg much denser than others, it is impossible to select filters 
that will permit equal amounts of nearly monochromatic hght to pass 
In fact I have selected filters of high transmission which begin to ab- 
sorb strongly at some defimte wave-length (No 15, 22, 29, 88) or 
those with broad transmission bands (No 61) rather than the denser 
monochromatic filters, m order that the exposure need not be too 
long 15 seconds was selected as a convement time 
The filters are 

No 61 green, over 10 per cent transnussion 50 to 51ft 
“ ISyeUow, “ 10 “ “ " 52 “ 70^ and beyond 

“ 22 orange, “ 10 “ “ “ 55 “ 70^ “ 

" 29 red, “ 10 “ “ “ 62 “ 70;u “ “ 

" 88 infra-red, no vTsible transmitted except 5 per cent at 70 ft 

The dyes tested are given in Table I 

Allowing for the unequal transmission of the filters and the widening 
of the absorption bands of the dye with increase in concentration, there 
IS undoubtedly an agreement with the rule that the dyes sensitize only 
for that V. ave-length of hght which they absorb 
It can also be shown that the inhibiting action of green hght in pres- 
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ence of eosm is upon the luafenn and not the luciferase, just os in the 
case of violet wav c lengths acting without sensitizer 

1 think we maj predict with fair certainty that Ctenophores the 
inhibition of whose luminescence b> hght is so well known, will also 
be sensitized by photodynamic d> es 

2 Injlticnce oj Oxygen — ^It must be recalled that luminescence only 
occurs if luaferm, luciferase, and oxygen are together in solution, but 
that luafenn will oxidize without luminescence if luaferase is absent 

It seems most probable, therefore, that hght acts by causing rapid 


TABLE L 


Dyt 

Eln»ct»«- 

Ab*on<(VM 

aoL 

nnjtotftnfticitloa 
in 15 Kc. 

Floortsctine 


475-502 

Isegaliv'C- 

EosJiu 

K tetnibromfluoreactint. 

450-505 

500-530 

Green yellow 

Eijthioiuj 

, K. ot \4 tctm'ododuorescrine. 

4SO-540 

500-S30 


Ro« bcnjalc. 

K or Na 4 lodo 2 chloiQuorocdnc, 

4S0-S60 

530-550 

14 U 

Cymosin 

"k roethvl ether of 4 Br 2 Q fluor 

480-560 

500-545 

u u 

Acridint 01 milme 

esctiiie. 

480-530 

u n 

mi E 103 

Met}i 3 loM bloc. 

Tctramethyl thiooin HCL 

430-570 

650-680 

Yellow omine 



56O-6S0 

red. 


oxidation of luafenn without luminescence Consequently the area 
exposed to light, of a luminescent mixture of luafenn and luciferase in 
a test tube vnR not luminesce so bnghtly because some of the luafenn 
has been photochemically oxidized This view can be tested by com 
pletelv exposmg luaferm solutions to hght in absence of oxygen (by 
evacuation or bubbling of pure hydrogen), with a control tube ilium 
mated in presence of oxygen, and then mixing both tubes with lua 
ferase. The lucifenn exposed m absence of oxygen gives a bnght hght, 
while the control m presence of oxygen gives no luminescence or a 
very faint one. There is no mhibitton m absence of oxygen 
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I find also that the photosensitive dyes will not sensitize the inhibi- 
tion of luminescence from luciferm m green or yellow hght m absence of 
oxygen In this respect the phenomenon agrees with photodynamic 
dye action m tissues There is no poisonous action of eosm on 
enzymes or orgamsms m hght in absence of oxygen (von Tappemer, 
1909) 

The dye simply acts by making wave-lengths effective which would 
not be effective m its absence The hght acts by rapidly oxidizmg 
luciferm 

The manner m which the photosensitizers make wave-lengths 
photochemically effective is not weU imderstood Perhaps the first 
question to be asked is whether the sensitizer undergoes any change 
We may suppose the eosm to oxidize the luciferm m presence of hght, 
itself imdergomg reduction to a leuco body Accordmgly I have 
exposed mixtures of luafenn and eosm to white hght (8600 foot 
-candles) and also to green hght, for from 4 to 7 mmutes, but have never 
observed any mdication of the decolonzation of eosm, although it is 
known that eosm is affected by hght (Gros, 1901) There is also 
no mdication of the decolon 2 ation of methylene blue and luciferm 
exposed to white hght (8600 foot candles) for 4 mmutes, although the 
oxidative action of the hght on luafenn is greatly increased by the 
presence of these dyes If any change occurs in the dye it mvolves 
no color change or is momentary Under proper conditions, however, 
methylene blue is affected by hght, as descnbed below 

3 Influence of H Ion Concentration — I have often compared lua- 
fenn to leuco methylene blue and its oxidation to the oxidation of 
leuco methylene blue with formation of the blue dye Expressed as a 
reaction the change would be 

MH (leuco methj lene blue or methylene white) ^ M(methylene blue) -J- Hi 
LHi (luafenn L foiyluofenn) -f- Hi 

Hi -t- O = HiO 

In \aeu of the effect of hght on luafenn oxidation it is interesting to 
note that methylene white oxidation is affected by hght also This 
was obseiw'ed by Clark (1925), and the effect can be very nicely seen 
b} reduang methylene blue with Zn dust and dilute aad, pounng the 
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colorless soKitiou into a narrow test tube and exposing the middle por 
tlon of the colorless solution to the condensed beam from a carbon 
arc lamp, first passing the beam through a water laj^er to remove its 
heat Blueing will occur in the iHuimnatcd region in a few seconds 
Oxygen is of course present in this experiment, but I can confirm 
Clark's observation that blueing will occur in ahsenct of oxygen after 
reduction by platinued asbestos and hydrogen Howeoerj the soiu 
iion mitzi be acid Alter removal of ox> gen and reduction by NajSj 04 ^ 
blueing of methylene white In hght will also occur, provided the solu- 
tion ifl aad enough and that not too much NajSiOi has been added. 
Neutral and alkaUne solutions will not turn blue in hght under the 
same conditions There seems to be a shift in equilibrium of the 
methylene blue ?=!: methylene white system toward the side of oiida 
tion in the hght 

If methylene blue is reduced by Pt asbestos and hydrogen in two 
tubes, one of ir/50 HCl, the other of ir/50 NaOH, and the tubes 
shaken shghtly to dissolve a little oxygen it can be easily observed that 
the methylene white onducs much more quickly in the alkaline tube, 
which becomes blue as compared to the aad tube, only faintly bluish — 
a wen known phenomenon On now exposing the two tubes to a. 
beam of hg^t, there results a blue band in the aad medium and a 
colorless band in the alkaline medium We have acceleration of oxida 
lion in aad and of reduction in nlkaU in hght I have observed the 
same thing when NS*5H or HiS is used as reducing agent and also 
when NaiSjOt is employed 

If just enough NajSiO* is added to decolorize methylene blue fa 
m/50 HQ and the colorless tube is exposed to light, blueing will occur , 
but if a little more NatSjO* is added no blue band occurs in light 
However, upon shakmg with air until some of the NajSjOi is removed 
by oxidation, a blue band now appears in hght Reducing with 
NaiSjOi m an alkalme medium (dark and Lubs buffer, m/20 HiBOi, 
KQ, NaOH, pH 10) and eiqxwing to hght, we observe no change, 
but if shaken with air till partly blue and then exposing to light, a 
colorless band appears 

This colorless substance is methylene white and not a colorless- 
oxidation product of methylene blue, because by thorough shaking, 
with air the blue color will return again completely 
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We may sum up the behavior of methylene blue in hght as follows 
hlethylene white m presence of reduang agents will turn blue in 
absence of oxygen if the solution is aad enough but not in neutral 
or alkahne solutions In presence of some oxygen and reduang agent/ 
aadity favors the change to blue (oxidation) while alkahnity favors 
the change to colorless (reduction) Without reduang agent, methy- 
lene blue wiU be rendered colorless by hght slowly in fairly alkahne 
solution (m/50 NaOH) but not in m/10 NajHPOi (pH = 9) or in 
distilled water 

Indigo carmine does not behave like methylene blue under the 
influence of illumination 

If the litctfenn-oxylucifenn system ts to behave like methylene bine, 
we should expect mhibition of luminescence in hght in aad medium 
contammg some oxygen and reduang agent^ (hke Na2S20i) Under 
these conditions oxidation to oxylucifenn would be favored and less 
luafenn remam to l umin esce with luaferase Hence a dark band 
should appear in a l umi nescent tube after illumination On the other 
hand, m alkahne medium a lummescent band should appear after 
lUummation, smce reduction would be favored and more luafenn 
accumulate in the previously illuminated region 

However, I have been unable to observe a more luminescent band 
after illumination in solutions of any reaction If luafenn is pre- 
pared in a senes of buffer solutions and a little luaferase added we get 
the following results in hght-exposed and dark regions of the tube 
No reducing agent is present 


Buffer solution and pH 

Luminescence m dark- 

Luminescence m light 

ii ^20 K H phthalate = 4 

Very famt 1 

Ver> slowly inhibited 

m/20 KHphthalate,NaOH=5 6 

Famt 

a u XX 

Sea water « S 

Good 

Rapid inhibition 

m/20 kCl, NaOH = 9 

Faint, fading qmcLly 

it u 

m/20 “ « “ == 10 

If IX c< 

1 

ti it 


It mil be noted that mhibition, indicating oxidation of luafenn, 
alwa% 3 occurs no matter what the reaction, acid or alkahne 

If Na;S.O< IS now added to the above tubes to remove the oxygen 


^ 0* Its oxidation product 
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the luminescence disappears and exposure to ligjit in absence of oxygen 
never causes luminescence to return If the tubes are shaken slightly 
to dissolve oxygen, luminescence wiU return and then exposure to 
light gives the same results as recorded in the table in the absence of 
any reduemg agent Light exposure always results in inhibition 
which is more rapid the more alkaline the medium and is also more 
rapid m presence of the Na^SjO^ (or its oxidation products) than pre- 
viously It ifl as if the axidaUon products of Na^SjO* accelerated the 
effects of hght, as they do m the case of methylene blue I have never 
observed a more luminescent band in the region previously exposed 
to hght 

We sec that the behavior of ludfcrin in light is only in part si m i l a r 
to that of methylene blue One always obtains acceleration of oxida- 
tion of hidfenn by hght and not acceleration of reduction under the 
same conditions (alkaline medium) necessary for the phenomenon 
m methylene blue Perhaps it is pushing the analogy too far to 
expect that the methylene white — methylene blue and the ludfenn- 
oxyluafeiin systems will behave in exactly the same way after expo- 
sure to hght 

SUlQtAEY 

1 Eosin, crythiosln, rose bengole, cyanosin, acndine, and methy- 
lene blue act photod 3 maTnically on the luminescence of a Cypndtna 
luaferin-luafcrasc solution 3h presence of these dyes inhibition of 
luminescence, which without the dye occors only m blue-violct hght, 
takes place m green, yellow, orange, or red hght, depending on the 
position of the absorption bands of the dye, 

2 Inhibition of Cyprtdtna luminescence without photosensitive 
dye m blue violet h^t, or with photosensitive dye in longer wave- 
lengths, does not occur m absence of oxygen Light acts by accelerat- 
ing the oxidation of luafenn without luminescence Eosm or methy 
lent blue act by making longer wave-lengths effective, but there is no 
evidence that these dyes become reduced in the process 

3 The luafenn-oxyludferm system is timilar to the methj^ne 
white-rocthylcne blue system in many ways but not exactly similar 
in respect to photochemical change Oxidation of the dye is favored 
in aad solution, reduction in alkaline solution However, oxidation 
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of luafenn is favored in all pH ranges from 4 to 10 but is much more 
rapid m aUcahne solution, either m hght or darkness There is no 
evidence that reduction of oxyluofenn is favored in alkahne solution 
Clark’s observation that oxidation (blueing) of methylene white occurs 
m complete absence of oxygen has been confirmed for aad solutions 
I observed no bluemg in hght m alkahne solution 
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L 

The analysb of growth phenomena through detenninations of their 
relations to temperature requires measurements of the rates of de- 
velopment within stages morphologically well defined and exhibited 
by mdividuals genetically uniform and comparable The duration 
of an adult instar m Cladoccra parthcnogenetically produced within 
a smgle clone is In several respects a very suitable object for such 
measurements. It Is not altogether dear, however, whether the ma 
dcnce of ccdysis is directly determined by the growth of the female, 
or by the full development of her young which ecdysls liberates 
It IS proposed to Investigate this pomt more fully in subsequent expen 
ments, but the latter mterpretation is probably the correct one, for 
mothers about to release young, if transferred to a considerably higher 
temperature, will release the young properly but they themselves 
become caught m the moult which is being cast In other words the 
young, at the higher temperature, have readied full development and 
have apparently caused the mother to moult before the carapace was 
in proper condition to be cast. For the present it is sufficient to 
note that the period of growth or development utflUed for measure- 
ment bears relations to temperature of a kind very closely comparable 
with those shown by relatively simple vital processes (Croner, 1924-' 
25, a, b), and obtained likewise for the veloaty of development within 
a clearly delimited stage m Drosophila (Bliss, 1925-26) 

Comparison of several species of dadoccrans reared in the labora 
tory for many generations under similar conditions should reveal spe 
111 
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afic differences, should such be present, and might be taken to suggest 
a means for the physiological companson of related forms 
Three species of Cladocera were employed Two of these, Moma 
macrocopa and Simocephahis serrulatus, belong to the family Daph- 
nidai, the third speaes, Pseudostda bidentaia, belongs to the family 
Sididse A few mdividuals of M pmcrocopa and of P bidentata 
were sent me by Dr A M Banta, both forms havmg been reared 
parthenogeneticaUy for many generations m his laboratory M im^ro- 
copa was onginally collected near Cold Sprmg Harbor, Long Island, 
and it occurs there m small exposed ponds from Apnl through October 
The population m the ponds mcreases rapidly to a maximum m June 
and the form is found m shghtly dmunished numbers until the imddle 
of October The clone of P bidentata that was used was started from 
mdividuals collected m Florida m February, I have not taken this 
form m the north S serrulatus was collected near Cambndge, Mas- 
sachusetts, early m October In general it is a speaes that is qmte 
mde spread and it may also be taken durmg any month of the year, 
usually reaching large numbers towards the last half of April and the 
first of May, contmumg with few mdividuals durmg July and August, 
and reaching a maximum m October 

n 

In the laboratory, reproduction m all speaes was exclusively par- 
thenogenetic, startmg from one female and thus msurmg matenal 
genotypically identical throughout The stock cultures were reared 
at room temperature m an espeaally devised culture medium (Banta, 
1921) The animals used m any one experiment were usually the first 
or second generation descendants of one mdividual Such anunals 
were reared with ample food, so that they would produce average sized 
to large broods, brood size bemg a good indication of the vigor of the 
stock For precise work it is necessary to study a stage of develop- 
ment having sharply marked begmnmg and end In this case one 
adult instar, usually the second, was chosen as the penod to be 
measured The successive mstars of a given animal, when reared at 
the same temperature, do not show any appreciable differences m 
length The begirnmg of an adult mstar is marked by the release of 
actn e young daphnids from the brood chamber of the mother, and the 
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end of the instar is marked by the release of the succeeding brood 
of young In 31 macrocopa the release of the young, the moulting of 
the mother, and the passing of a new clutch of eggs to the brood 
chamber occupies from 2 to 6 minutes at room temperature The 
time for this senes of events is slightly more variable in P 6K?c«(ato, 
but not so variable os m 5 semUaitis in which the time from release 
of young to egg laying vanes from a few minutes to half an hour in 
extreme cases 

As the adult females to be tested were nearing the end of an instar 
they were transferred to individuai bottles and placed in constant 
temperature cabinets A bottle of food was placed beside a bottle 
containing a female The termination of an adult instar, that is, 
the appearance of young m the bottle, is foreshadowed by the darken 
mg and coalescing of the eye rudiments of the embryos Observa 
Uon of the mothers was made at frequent intervals (15 minutes to an 
hour, depending on the temperature), and the time of the release of 
the young noted. The mother was transferred to the adjacent bottle 
and allowed to remain there until the next brood of young was released 
When It was impossible to watch for the termination of the instar m 
question at mtervols of an hour or less, those mothers that probably 
would soon liberate young were eiammed microscopically and an 
estimation made of the probable time of release of her young (based 
upon the condition of the eye pigment of the embryos) This esti 
mated tune was further checked by observing the developing eggs of 
the next brood and noting the stage of segmentation of the egg 
K the elapsed tune was too long the animal was of course discarded. 

Four temperature cabmets were used m each of which the tempera- 
ture to be mamtained could be raised or lowered at wilL The cabmets 
were heated by carbon filament bulbs controUed by a mercury thenno- 
rcgulator The different regions (shelves) of the cabinet varied m 
temperature depending on the distance from the heaUng unit, but the 
temperature of each bottle was taken directly The extreme vana 
tion within a given bottle durmg an experiment was rh 0.5®C Shghtly 
different rates of general metabolism arc found for the females pro- 
duemg male broods and those produemg female broods (Banta and 
Brown, 1924-25) This has been determined for Jf macrocepa, the 
male broods are released on the average later (half an hour, more or 



Log pate of development 



Fig 1 Graphs for rates of development plotted against reciprocals of the 
absolute temperatures A, Pstudosxda hdentata B, Motna macrocopa C, 
Stmoccphahts scrrulalus Each pomt represents an mdividual animal and the 
different s>Tnbols in each graph denote a smgle experiment The values of ^ are 
gi\cn opposite the segments of the graphs, and the cntical pomtb are indicated by 
arro^ s, v ith the cenUgrade temperatures given for these pomts (Rate of develop - 
ment *= 10,000 — time m minutes, one umt on log scale ~ 0 2 ) 
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less) than the female broods. It has not been possible to employ ntun 
here of animals suSiaent to remove this source of vatiahom, which 
would at most amount to between 1 and 2 per cent of the total observed 
time. 



Fio 2 A, P bidcnlata P, if nacrocopa C S semddus The rates of 
development are plotted agafaut centngtade temperatorea and the points are 
entered wlUiout distinguishing Individual eipctlinents. The lighter Itn^ and the 
heavier linen are transposed from those in 1 

in 

Fig 1 gives the graphs for the rates of development in the three 
gpedcs The logarithm of the rate la plotted against the rcdprocal 
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of the absolute temperature Each pomt on the graph represents an 
mdiMdual anunal and the different symbols m each graph denote a 
smgle experiment The experiments were conducted at different tunes 
between January and May of the same year to examine the possi- 
bffity of seasonal rhythm It is clear that there is no secular drift due 
to such a cause 

The graph for 5 serrulaius (Fig 1, C) shows a break at 24 6°C 
The slope of the hne below this temperature gives a temperature 
charactenstic n — 16,950 In the neighborhood of 15° and below 
there are msuffiaent data to determme the exact slope and the pres- 
ence or absence of a break at this pomt At 24°C there is a pomt 
(upnght tnangle) which has a lower rate And agam at 29°C there 
is a pomt (mverted tnangle) which has a lower rate In neither case 
was there suffiaent latitude m the observations to brmg these pomts 
withm the range of vanation of the other pomts on the graph These 
may be mdividuals abnormal either through starvation or age The 
character of the Ime above 32° has not yet been detemuned The 
slope between 24 6° and 32° )T,elds n — 4,780 

The graph for M macrocopa (Fig 1, 5) is based on more animals 
than are the other two graphs There are three evident breaks or 
critical temperatures The first break is at 20°, the second at 27 6° 
and the third somewhere near 33° The steepest slope, with m — 
28,500, IS found between 11° and 20° The slope of the hne between 
20° and 27 6° gives y. — 17,210, which agrees fauly well with that for 
5 serrulaius below 24 6° Above 27 6° there is a distmct lessenmg of 
the slope, the value for y droppmg to 7,410 Above 33° the pomts 
become irregular and the curve flattens out mto an almost honaontal 
position It is mterestmg to note that even at 38° + the females of 
this speaes produce apparently normal young The range of vana- 
tion, as mdicated by the hmitmg hues, is quite uniform for the differ- 
ent parts of the graph, being shghtly greater above 27°, this may be 
due to the faster rate of development and the correspondmgly de- 
creased accuracj' of the observations 
The graph for P bideniaia (Fig 1, A) is stnkmgly different from 
the other two This graph consists of one straight band, havmg the 
^al^e oi y = 19,800, extendmg from 14° to 27 5° Beyond 28° the 
pomts scatter and the cur\'e assumes a position approximately parallel 



L A BROWN 


117 


to the temperature ans. There is thus but one break, at 27^, m 
the graph for P hdwhla 

Inspection of graphs such as that for M macrocopa m Fig 1 ma> 
lead to the superficial suggestion that It is preferable or possible to 
draw through the plotted points a curve rather than several straight 
lines The fact that It is impossible to fit a single simple curve to the 
graphs for 5 serndatus and Af macrocopa is perhaps shown more 
dearly in Fig 2 In this figure the rate of development, that is the 
rcdprocal of the tune taken to complete on inatar, is plotted against 
centigrade temperature The lighter luniting lines and the heavier 
lines in this figure arc transposed from those in Fig 1 It is Impossible 
to fit a smgle smooth curve through the pomts for either of these 
speaes The pomts fall respectively mto two and three cusps (when 
the irregular individuals above 33° for M v\acrocopa are eaxluded) 
The pomts for P btdentata form a smooth curve from 14° to 27 5°, 
this whole range yiddmg a constant value of ^ 

The range of vonation of course mcreases with an increase m tern 
perature It will also be noticed that the latitude of variation for S 
serrulatiis is much smaller than for if macrocopa and for P btdmtata, 
in spite of the fact that the end pomts for an Instar m S strrulaius 
arc more variable, mtnnsically, than in the other two species This 
would seem to indicate that the latitude of variation is specifically 
determmed, but is not a property of the system controlled by the 
nature of the process which determmes the temperature characteristic 

IV 

A comparison of the values for ^ with simflar values obtamed for 
rates of development m other arthropods shows some remarkable 
sumlontics, and may be taken to mdicate a similar chemical control 
m the several instances. Bliss (1925-26) obtamed a value for n of 
16,850 for the prepupal development of DrosopJula melanogastcr, 
from 16° to 25° Crosier (1924-25 6), usmg data from Krogh, ob- 
tamed a value of 16,850 16° to 32°, for m m Oi utilisation of Tenebrto 
pupcc, and Orr (1924-25) obtamed a value for jn of 16,800, 1° to 15°, 
for the 0* consumption in the prepupa and pupa of DrosopJnla These 
values arc of the same order as the 16,950 obtamed for S scrrulatus 
between 15° and 25° and the value 17,210 obtamed for U macrocopa 
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between 20° and 28° The value of n for M macrocopa below 20° does 
not correspond to the value obtained by Bliss with Drosophila below 
16°, but it may be of the same nature (28,500) as the value 27,000 
obtained from Krogh’s data by Crozier (1924-25, b), below 22° m 
Tenehno pupae, that for Drosophila egg and larva between 10° and 20° 
and for Drosophila pupa at 15° to 20°, both of which gave y. = 27,000 
(Crozier, 1924-25, b, data from Loeb and Northrop) For M macro- 
copa the temperature range 28° to 33° yields y = 7,410, which com- 
pares favorably with the value obtamed by Bliss for prepupal develop- 
ment m Drosophila between 25° and 30° {i e , 7,100) Also it might be 
noted that the distribution of the temperature charactenstics, with 
the exception of 4,780 for the upper portion of the graph for S serni- 
laius, corresponds to peaks m the frequency graph for temperature 
charactenstics given by Crozier (1925-26, d) 

The breaks m Fig 1, when rounded off to the nearest whole degree, 
are located at 15° (?), 20°, 25°, 28°, 30°, and 33° Crozier has pointed 
out (Crozier, 1925-26, c) that such cntical pomts are usually foimd m 
the neighborhood of 4 5°, 9°, 15°, 20°, 25°, 27°, and 30° Setchell 
(1925) has pomted out that aquatic and land plants gi\e defimte 
pomts of cntical temperature for anthesis, these pomts being at 
approximately regular mtervals of 5 degrees from 5° to 30° The 
cntical pomts obtaining for the three speaes of Cladocera thus agree 
m a rather remarkable way with those found for vital phenomena m 
general 

A comparison of the three speaes of Cladocera used m these expen- 
ments shows some pomts of possible significance The temperatures 
for S serrtdattis above which rate of development is relatively slower, 
i e lower value for y, are 15° (?), 25°, and 30°, while the correspondmg 
temperatures for M macrocopa are 20°, 28°, and 33° Ihus M 
macrocopa is, upon the basis of rate of development at least, enabled 
to take advantage of maeasmg temperature by producmg broods m 
qmcker succession than S serrulalus And conversely, on a lowenng 
temperature, M macrocopa is relatively more slowed up As previ- 
ously stated, M macrocopa is typically a summer form while S ser~ 
rulatus occurs throughout the year but m greater abundance m the 
sprmg and autumn P bidenlata cannot be compared so directly 
This speaes mamtams a constant y — 19,800 from 13° to 28° This 
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rate of increase with temperature is deddedly greater than that of 
the other two speaes above 20® The distribution of P btdentata 
is known to be southern and was studied during the winter, but its 
annual rhythm of abundance is not known at present 

suiniAiY 

1 The temperature characteristics for the rate of development dur> 
ing a well defined instar were determined for three speaca of Clado- 
cera, and found to be of the same general magnitudes as those obtamed 
for rates of development and of Oj consumption in other arthropods 

2 Critical temperatures were found to occur at points most fre 
quently critical In quite dn^rse vital phenomena as determined by 
abrupt changes m the relationship between rate and temperature 

3 A suggestion is made that, smee the values of and the positions 
of critical temperatures obtained for the different speaes are not the 
same, some relation may exist between the occurrence of these forms 
in nature and their relative rates of development as controlled by 
temperatures. 
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tbe inixuence of light, temperature, and other 

CONDITIONS ON THE ABILITY OF NTTELLA CELLS 
TO CONCENTRATE HALOGENS IN THE 
CELL SAP 

By D IL HOAGLAND, P U HIBBARD a»d A, R. DAMS 

(From th( Laboratory oj Plant A ulrition Collt^c of A[rrcuUuTt, Untwstty oj 
Cahfomia Berkeley) 

(Accepted for pabUcabon June 3 1926 ) 

In connection nritli a general investigation of the absorption and 
utilization of rmneral elcmentB by plants, various observations on the 
cells of Ntiella eJaveta v?exe previously reported** ** The primary ob- 
ject of the expcnmentation is to gain some additional insight into the 
fundamental processes of absorption in their relation to the nutrition 
of higher plants Special attention has, therefore, been given to dilute 
solutions, comparable to soil solutions, and to the intake of mmcral 
elements by vanous types of plant cells from the point of view of 
growth and metabolism, rather than that of pcrmcabihty per se 
Certam phases of the general problem which were previously outlmed 
have now received further study and the development of a number of 
new methods of procedure has made it possible to obtam much more 
extensive and satisfactory data than heretofore, Rjefcrence to the 
recent work of Osterhout and his colleagues on VahnKt and NifeHn 
will be deferred until later in the discussion 

In our earher experiments on Nitdla certam preliminary data were 
obtamed on the absorption of bromine* This element seemed to 
offer promise of bemg useful m studymg the phenomena of absorption, 
since it IS non toadc or practically so in low concentrations, and is not 
normally present in the cell sap of these plants At first the estima 
tion of bromine was made by a colorimetric method, but this was not 
found to be Batisfactoiy for quantitative work and it did not appear 

» Hoa^limd D R, and Dava, A R, 7 ftw, PMysioI , 1922-23 v, 629 

* Hoaglaad D R and Davis A R, / Gen Physiol , 1923-24 vi, 47 
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that any technique so far descnbed for determining bromine met our 
particular requirements One of the wnters (P L Hibbard), there- 
fore, devoted considerable effort to devismg a method smted to the 
purpose Eventually, it was foimd possible to detenmne bromine m 
the presence of chlorine or iodine with the use of very small quantities 
of cell sap (1 cc ) and withm a reasonably short tune The analytical 
procedure and the magmtude of the error, when this method is apphed 
to plant sap, are discussed elsewhere ® Considermg the very minute 
absolute quantities dealt with, the accuracy of the results was better 
than might be antiapated As a rule errors other than those con- 
nected with the analysis hunted the mterpretation of the data, except 
m those cases in which very small concentrations of bromme were 
present m the sap, when the percentage of error m the analytical data 
was unavoidably high Nearly all analyses were made m duphcate 
and the experiments were also duplicated or repeated It is beheved 
that due care has been taken to hunt the conclusions m accordance 
with the significance and consistency of the results, as will be further 
indicated in the discussion of the specific data Fortunately, the 
effects we sought to demonstrate were of large relative magmtude so 
that they stand out qmte clearly At the present stage of develop- 
ment, it IS extremely doubtful whether anythmg would be gained by 
any considerable refinement of the experiments, which might mvolve 
an almost prohibitive amount of labor 

Cell sap only shghtly contammated was obtamed by the method of 
breakmg mdiindual plant cells in the manner previously descnbed 
Cells used for this purpose were very turgid and vaned m length from 
f to 3 inches In addition to this method of obtainmg sap, m a few 
experiments, sap was also prepared by expressmg (by hand pressure) 
the masses of cells remainmg after nearly all the large cells had been 
selected out The sap prepared m this way and filtered is designated 
as “expressed sap” and that denved from mdividual cells as “cell sap ” 
The different substances were present m the expressed sap in concen- 
trations only about one-half those of the cell sap Of course, there 
must have occurred a very appreaable dilution of the cell sap in the 
former case by water stiU adhenng to the outer surfaces, even after 

^ Hjbbard, P L , Ind and Eng Ckem , 1926, xvm, 57 
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shaking the mass of cells vigorously, but it is also possible that the 
many very small cells (not more than \ inch m length) contained sap 
of lower concentration than that of the sap m the large cells Con* 
elusions with regard to the general relations existing between the cell 
sap and the external medium would have been very similar if the ex 
pressed sap alone had been considered, but the results on the cell sap 
are obviously more definite and convinang, and, fuithennore, the 
expressed sap cannot give an adequate idea of the extent to which 
certam elements may become concentrated in the vacuole. 

In many of the cipenmen ts it was found convenient to use a 
general culture solution to winch bromide was added as desired This 
solution was buffered with phosphate and had the following approxi- 
mate composition 


KHjPO^. 

NaOa 

pH. 


5 miHi-equivaiait* 
2 

6 « 

5 (W 


During the course of experiments of extended duration the Initial 
pH value of the culture solution usually increased by several tenths, 
whether as a result of selective absorption or because of the lime 
deposits frequently adhering to the outside surfaces of the cells 
Solutions of the composition stated above were not found to show any 
apparent toxidty within the time of the expenmenta Under favor- 
able environmental conditions, masses of cells could be kept m such 
solutions over periods up to 2 months in as good a condition as m tap 
water Bromides in a concentration of 005 molar were not toxic as far 
as could be observed and much higher concentrations produced only 
very slight injury, if any Of course, m any solution, there occurs a 
gradual dying off of a certain number of cells, but this was not more 
noticeable with the experimental solution than with tap water for the 


* Loa» of chlonno accompanied by injniy was not found to occur unless the pH 
value was bdow 4.8 The mnrLed loss of dilorinc and bjury beginning at about 
pH 4 4 is correlated by PcoiaaU tPeauall \V H. and Ewing J New Phytohxisi 
1924, Triii 1923) with the isoelectric point of the NtUllc proteins. With regard 
to the pH vahic of the cdl sap the various treatments were not found to alter 
appreciably the nonnal value of S J 
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penods m question In both types of media, under appropriate con- 
ditions of hght and temperature, much new growth took place in the 
course of a month or more After 2 or 3 months, cells kept m these 
solutions showed evidence of mjuiy, but a complete culture solution 


TABLE I 

Comparison of Conceniraiton of Br and Cl w Sap from Cells Exposed to Different 
Types of Media Containing KBr or KCl 


Composition of medium. 

Concentration 
of Br or Cl m 
cell sap. 

Period of exposure. 

Buffer solution + KBr 5 0 rcu-Eq 

m. EQ 

22 7 Br 

6 days contmuous 

KBr 5 0m -Eq , no buffer 

24 8 » 

illumination 

it <i 

Buffer solution + KBr 5 0m -Eq 

57 0 “ 

17 days contmuous 

KBr 5 0m -Eq , no buffer 

49 5 » 

illumination 

U <t it 

Buffer solution + KCl 5 0m -Eq 

127 5 Cl 

6 days contmuous 

KCl 5 0m -Eq , no buffer 

118 0 “ 

illummation 

« it a 

Buffer solution + KCl 5 0m -Eq 

136 2 

17 days contmuous 

KCl 5 0m -Eq , no buffer 

140 5 “ 

illummation. 

f< it a 

Buffer solution -f KBr 5 0m -Eq 

20 5 Br 

6 days daybght 

Tap water -fKBr 5 0m -Eq 

11 3 « 

(( a ti 


pH of phosphate buffer solutions + KBr and of KBr solutions S 0-5 4 pH of 
tap water + KBr 7 0 or above 

Other data prove the lessened absorption from tap water was, to a large extent, 
caused by the mfluence of the chlonne ions 

(plus CaCOs) contammg bromide was as favorable a medium as tap 
water, judgmg by the new growth obtamed durmg the course of a 
year 

Later studies showed that the accumulation' of Br was very similar 

' For com enience of discussion, we are usmg the word “accumulates” m the 
sense proposed bj Osterhout, i e when a substance reaches a higher concentration 
m the sap than m the surroundmg solution 
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whether KBr was used alone or added to the buffer solution (Table I) 
It may be noted that the former solutions were not completely free 
of traces of calaum, because of contamination from surface deposits 
on the cells Therefore, no conclusion can be drawn with regard to 
the effect of a complete absence of calcmm from the solution, but it is 
evident that in dilute solutions of this character, relatively high in K, 
the calaum added to the solution had no striking effect on the accumu 
lation of Br, and that the use of buffer salts was not influential in 
determining the course of absoiption 

Most of the experiments were earned out in bcakera or wide mouth 
bottles with a capaaty of 3 or 4 liters From 100 to 125 gm of cells, 
drained free of excess water, were placed in 3 liters of solution The 
mass of cells was previously washed thoroughly in distilled water 
At the end of an experiment the cells were removed from the solution, 
first washed with tap water and then with distilled water, after which 
the sap was recovered as already mdicated Except in eaqienmenta in 
which complete analyses were to be made, when several thousand cells 
were used, each sample of cell sap ordmanly represented several him 
died cells and vaned in volume between 2 and 4 cc. Because of the 
large number of cells which each sample of sap represented, errors 
resulting from the variability of individual cells were reduced suffi 
dcntly to penult satisfactory comparisons of different treatments 
Inadcntally, It may be remarked that while the whole procedure is 
exceedingly tedious and tfme-consuming, no easier way of obtaining 
direct evidence concermng the composition of the cell sap has been 
suggested, and it is just this type of evidence which is most needed 
at the present tune 

Temperature Effects 

In this senes of experiments, we desired to obtain some indication 
of the temperature coeffiaent for the absorption of Br under controlled 
light conditions Two double walled baths were constructed with 
arrangements for fiowmg tap water or ice water Heat was supphed 
by 100 watt lamps covered with tin foil and immersed in the water 
contained in the inner compartment The lamps were connected with 
a mercury thennoregulator capable of regulatmg the temperature of 
the inner bath to =t Mechanical stirrers were placed at one end 

of this bath 
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The Niiella cells were contained in large beakers or jars set in the 
inner compartments and were lUurmnated by two 100 watt hghts 
approximately 1 foot apart and suspended about 1 foot above the 
containers Porcelain reflectors were used It was found that the 
radiation from the hghts caused the upper few inches of solution in 


TABLE n 

Concenirahons of Br m Sap from Nttella Cells after Exposure to Bromide Solutions 
Kepi at Di^ereni Temperatures 


No of 
experiment 

Temperature 

Concentration 
of Br 
in cell sap 

TcrapOTture 
coefficient 
flO C) 

Concentration 
of Br 

in expressed 
sap 

Tcinpmturc 

coemdent 

(10*CJ 

Penod of 
exposure 



m KQ 


m EQ 


An 

1 

10 

4 


3 






3 S 


2 7 

6 


20 

1 1 4 


1 S 

I 


2 

10 

1 

2 2 


1 2 




20 

6 4 

2 9 

3 2 

2 7 

25 

3 

10 

4 3 


2 7 




20 

12 3 

2 9 

7 0 

2 6 

50 

4 1 

10 1 

4 0 1 


1 9 




20 

10 0 1 

2 5 1 

5 0 

2 6 

52 

5 

10 

1 1 


3 6 




20 

16 6 

2 3 

8 7 

2 4 

68 

6 

14 

12 5 


6 6 




24 

24 4 

2 0 

14 7 

2 2 I 

1 

72 


In Expenmen ts 1, 5, and 6 the values are averages of duphcate expemnents 
Phosphate buffer solutions + 005 ii KBr Initial pH 4 8-5 1 Final pH 
5 6-5 8 


Continuous illumination with two 100 watt hghts, suspended approximately 
1 foot above the jars containmg the cells Temperatures of bath kept withm =1= 
1®C , except for occasional short penods when adjustments were bemg made 

which the cells were immersed to be several tenths of a degree higher 
in temperature than the body of the solution, but the increase was the 
same for both temperatures compared In any case, it was evident 
that the temperature control was much more accurate than the 
possible control of other factors In this senes of experiments, the 
illumination was continuous and dayhght was excluded 
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In Table XI are presented results showing the conceutratioiis of Br 
found in the sap of cells which had been caposcd to s<^ution 5 kept at 
temperatures 10°C apart, 1 1 14~24°C , and l(h-20®C It would have 
been desimble to have made measurements at numerous intervals of 
time for each temperature, but this would have involved the use of 
many large containers kept under definite temperature control, for 
which no facilities were available However, while veloaty constants 
could not be calculated, the data, taken as a whole, seem to indicate 
quite dearly that the temperature cocffiaent (between 2 0 and 3 0 
for lO^C ) for the absorption of bromine under the conditions spca 
ficd is of the order of magnitude generally charactenstfc of chemicai 
reactions rather than of diffusion processes, and this is the mam pomt 
of interest at present 

of IaiU on Accumuktlton of Br 

lEarher experiments showed that the removal of Cl from dilute solu 
tions was defimtely influenced by the conditions of lUummation 
Several prehmlnary eipcnmcnts also indicated that the penetration of 
NOj or of Br into the sap of NUdla cells was likewise accelerated under 
the influence of light In the first senes of the present experiments, 
the temperature arrangements above described were utilised The 
cxdusion of light, when desired, was accomphahed with large beakers 
painted black on the outside and covered loosely over the top with 
black paper The penods dunng which the cells were exposed to the 
solution containing bromide (buffer solution plus 5 miUi-equivalents 
KBr) were relatively short but there was a marked difference between 
the flluminated and uniUumlnated cells in respect to the concentrations 
of Br present in the cell sap at the end of the experiment (Table HI) 
Except m one instance, the concentrations of Br in the samples 
of sap obtained from the illuminated cells were from about two to four 
times those in the sap from the unfllummated cells 

Subsequently, numerous additional experiments were performed 
over longer penods of time, without the use of the tempciatuie baths, 
but with such small differences In temperature between the flluminated 
and unilluminated cells as to be neghgible for this purpose In every 
case, exposure to light strikingly increased the abihty of the cells to 
accumulate Br In fact, when solutions of 5 mflh-equivalents KBr 
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TABLE III 


Concentration of Br tn Sap from Illuminated and Umlliimtnated Ntlella Cells after 
Exposure to Bromide Solutions * 


No of experiment 

Temperature, 

Concentration of 

Br m cell sap. 

Light condition 

Period of exposure 



m EQ 


hrs 

1 

10 

2 2 

! Inhght 

25 


10 

1 7 

“ dark 



20 

6 4 

hght 

1 


20 

2 6 

» dark 


2 

10 

4 3 

« hght 

so 


10 

1 9 

dark 



20 

12 3 

« hght 



20 

3 3 

“ dark 


3 

10 

4 0 

'' hght 

52 


10 

2 2 

" dark. 



20 

10 0 

« hght 



20 

3 2 

dark 



* Solutions, lUuHunabon, and temperature arrangements same as desenbed m 
Table n 


TABLE IV 


Concentration of Br tn Sap from Nttella Cells Exposed to Bromide SoltUtons tn 
Continuoils DarknesSy with Longer Periods of Exposure 


No, of 
experiment. 

Medium. 

Period of 
exposure 

Concentration 
of Br in cell sap. 



days 


1 

Tap water and 5 0 m -Eq KBr, in dark 

5 



Same, in da>dight 

5 


2 

KBr, 5 0 rm-Eq m dark 

7 



Same, m dayhght and artificial hght 

7 

1 


1 

3 I 

KBr, 5 0m -Eq in dark. 

5 

5 0 

4 

KBr, 5 0“ “ “ 

2 

2 5 

5 

KBr, 5 0“ “ “ 

2 

1 6 


Same, m darL 

6 

4 3 


KBr solutions without buffer salts 

These experiments uere earned out at room temperature, averaging about 20®C 
At the end of the longer penods m the dark, many small cells had died, but the 
larger cells from which sap was ob tamed ere turgid 
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were emplojed, the cx)DCcntration of Br m the sap of cells kept in the 
dark did not exceed that present in the outside solution, while the 
sap from illuminated cel ls subjected to similar solutions for equal 
penods of tune contained much higher concentrations of Br This 
was true of several different media containing bromide (Table IV) 
When media with concentrations of 1 milU-^m valent KBr were em 
ployed, there was considerable cndence that the concentration of Br 
in the sap could exceed that of the solution, even under conditions of 
darkness, but the quantities involved were too small to admit of 
certamtv 

It was not found possible to keep the wUs in the dark for a very 
extended penod because of injury which was accelerated by the 
development of microorganisms The question then arose whether 
cells kept under a normal condition of alternating penods of bght 
and darkness could concentrate Br in the sap during the periods of 
darkness It appeared that this pomt could be tested by alternating 
solutions In such a manner that some cells would have access to B r only 
during the penods of illuraxnation and other cells only during the 
penods of darkness Accordmgly, two experiments of this type were 
earned out- In the first ca^ienment, the penods were divided approxi 
mately into 12 hours of illumination and 12 hours of darkness At the 
end of each period, a transfer of solutions was made, after washing the 
cells very thoroughly with distilled water The result of this experl 
ment (Table V) was that the sap from the cells having access to Br 
only dunng the penods of illumination contained Br in a concentra 
tion several tunes that of the external solution, but in the sap from the 
cells mimcTscd in the bromide solution only dunng periods of dark- 
ness, the concentration of Br was not greater than that of the outside 
solution 

This experiment did not indicate that there was any residual effect 
of bght but It was deemed advisable to make a further expenment over 
a longer total penod of tune, with 24 hour penods of iflumination fol 
lowed by 24 hour periods of darkness The solutions were changed 
in the same way as before Again a marked difference was found 
between the cells kept under the two conditions, but the sap from the 
cells placed in the bromide solutions only dunng penods of darkness 
bad accumulated Br in a concentration significantly greater than that 



130 


CONCENTUAXION OF HALOGENS IN CELL SAP 


of the outside solution The concentration in the sap was also much 
greater than could occur with cells kept an equal time in continuous 
darkness Evidently, under smtable conditions, some effect of the 

TABLE V 

Absorption of Br in Dark by Cells Exposed to Alternating Periods of Light and 

Darkness 


Expenment 1 


(Approximately 12 hr periods of alternating light and darkness. Total duration 101 hrs *) 



Coocentration 
Br m cell sap 

CoflCtntradoQ 
Cl in cell sap 


« KQ 

m EQ 

A Cells having access to EJBr (concentration 5 0 nn-Eq ) 

18 2 

102 5 

only when lUummated 



B Cells havmg access to KBr (concentration 5 0m -Eq ) 

3 9 

116 7 

only when m dark 




Experiment 2 


(Approximately 24 hr periods of alternating light and darkness Total duration 10 days ) 


A Cells having access to KBr (concentration 5 0 m.-Eq ) 
only when illuminated 

1 37 8 

96 4 

B Cells havmg access to KBr (concentration 5 0m -Eq ) 
only when m dark 

19 0 

112 5 

C Cells havmg access to Or (concentration 10m -Eq ) ' 
only when illuminated 

24 9 1 

106 0 

D Cells havmg access to KBr (concentration 1 0 nu-Eq ) 
only when m dark 

6 4 

115 8 


Values for concentrations in sap, averages of duplicate experiments Solutions 
were buffered with phosphate, as m other experiments 

Experivumt 1 — Illumination by two 300 watt lights suspended about 1 foot 
above jars Temperature 24°C ± 1 0®C 
Experiment Z — Illummation by two 300 watt lights suspended about 1 foot 
above jars In this experiment, diffused dayhght supplemented the artificial 
illummation Temperature 20-*25'^C 
^ First penod m hght was 17 hrs duration 

illumination can be earned over to a subsequent penod of darkness 
and influence the absorption or accumulation of substances It can- 
not be stated at present whether or not this effect is concerned with a 
storage of available carbohydrates, although such a suggestion is a 
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natural one We tnow that certain types of cells must always be 
confined to the indirect use of hgfat energy through the oxidation of 
carbohydrates In the case of the Nitdla cells, the ability to store 
easily available sugars seems to be very limited 
The next expemnent on the effect of iHummation was planned for 
the purpose of detcnmnlng how varying the penods of illumination 
during each 24 hours would influence the amounts of bromine con 
centrated in the cell sap In this experiment, the jars containing the 
Nttdh ocUs were placed in a glass chamber originally designed for 
studying the growth of wheat plants under controlled light conditions 
The chamber was iflummated by six 500 watt Mazda lights (with 



Prc 1 Relation between number of houti of tUamlaatiou and tccarnuktlon of 
Br In aap of Hifella cefls. During periods of exposure, cells were Illuminated by 
aixSOOieaU Maxda lights, (See text) 

metallic reflectors) arranged about the sides and ends of the chamber, 
and approximately 3 feet distant from the Jars containing the NtSdla 
cells The temperature was control! L,d at 23-25^0 with the aid of an 

air current flawing through the chamber The light was cut off from 
certain cells when rcqiured by placing o\ cr the jars cylmdcrs of heavy 
brown paper with loose coverings for the top This arrangement shut 
out practically, but not absolutely all the light The illuminated 
solutions had a slightly higher temperature, about 1®C , than the 
others, but the effects of varying the penods of illumination were so 
great that this factor was negligible m comparison 
Referring to Kg 1, it will be observed that there was a striking 
increase In the concentration of Br m the cell sap with each increased 



132 


CONCENTRATION OF HALOGENS IN CELL SAP 


penod of lUumination The greatest concentration was found in the 
sap from cells exposed to hght contmuously for 3 days The concen- 
trations of Br do not vary m direct proportion to the penods of 
illumination, but an approximately straight hne is formed by plotting 
the hours of hght agamst Br concentrations The total number of 
pomts IS not sufficiently great to warrant an attempt at a mathematical 
analysis, but there can be no doubt of the influence of the length of 
the penods of iflumination This conclusion is in accord with our 
previous observations on the removal of Cl from dilute solutions 
With regard to the possible relations existing between quahty or 
mtensity of hght and the accumulation of Br, it will be necessary to 
make additional experiments For the present, it may be noted that, 
in general, the most rapid accumulation occurred where the intensity 
of hght was greatest One experiment was earned out for the specific 
purpose of companng two mtensities of hght, maintaimng the tempera- 
ture the same (approximately 20°C ) m both cases within 2 of a 
degree It was found that doubhng the hght (100 and 200 watts) 
mcreased the absorption 30 per cent as an average of dupheate expen- 
ments which were m dose agreement In another test, the results 
mdicated that yellow hght (potassium chromate solution filter), was 
at least as effiaent as the white hght from Mazda lamps Blue hght 
(alkahne copper solution filter) was less effective, but this observation 
has no necessary significance smee the total energy values of the 
different hghts are not known 

The Ejffect of Toxic Agents 

The abihty of Nitella cells to concentrate vanous substances m their 
cell sap is apparently bound up with the processes of growth or 
metabohsm Toxic agents nught, therefore, be expected to interfere 
with such a concentrating action We have made several expen- 
ments which seem to support this assumption (Table VI) Different 
toxic substances were added to the bronnde solutions and the con- 
centration of Br in the cell sap detenmned as in the other experiments 
In some cases, many small cells were killed by the toxic substances, 
but the samples of sap used for the analysis were, of course, obtamed 
from those large cells wbch still remained turgid at the end of the 
penod of exposure It is reasonable to suppose, however, that these 
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cells also suffered some mjury Prolongation of the treatments would 
have resulted xn the death of all the cells 
The injury has evidently caused, or been accompamed by, a de- 
creased ability on the part of the cells to concentrate bromine in the 


TABLE VI 

of Ttfxu Aiatls on Conceniraiion of Br ifi Cc/l Sap 


Na.e< 

nepertanrt. 

Trt*ti»eTiL 

OxKttttttlloO 

Fttfed cf cipojurt. 

1 

None 

as 8 

3 days continoouB flhnm- 


1 ppjD KCN 

29 0 

natkio. 


10 « * 

18 2 


2 

None. 

19 7 

1 5 days diyfight 


Chloroform 

12 5 


3 

None, 

13 5 

1 4 “ 


10 p,pan- KCN 

14 1 



20 “ « 



4 

None. 


4 " 


Chlorofonn. 




Ether 

14 7 



20 ppan. ECN 

12 5 



Thymol excess. 

12 5 



Phosphate buffer flolatlon* containing 5 0 mflli-equlvalents KBr 1 cc, of ether or 
chloroform added to 3 htm of solution Treatment irith ether repeated several 
times. Additional chlotofonn added once m Experiment 4 In Experiment 4 
resulta are averages of duplicate experiments, except for last treatment. The 
differences between duplicates were much smaller than those betrrtcn the control 
and the treated cells, 

cell sap Trbndle,* by mdlrect methods, has reached a somewhat 
similar conclusion with the use of vanous salts While, in the case of 
anesthetics, the clectncal resistance of certain plant cells may be 
mcrcascd over a limited period of time,^ any marked injury generally 
involves mcreased penneabihty, as, for example, in the experiments 

•Trtodle,A. Biochcm^Z 1920 atiI,2S9 

’Osterhout W J V Injury recovwy and death in rdation to conductivity 
and permeability Monographs on experimental biology, J B lippincott Com 
pany PhiltdeJpbia and London, 1922. 
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of Osterhout® and Brooks® on Nitella cells In our view, such in- 
creased permeabihty may be accompanied by a decreased abihty to 
concentrate substances m the sap This important distinction will 
be referred to again m the later discussion 

The Exchange of Substances between Cell Sap and Culture Soluiwn 

Before givmg further consideration to the accumulation of Br in the 
cell sap, it IS necessary to inqmre mto the possibihty of an exchange of 


TABLE VII 

Exchange of Br and Cl between Cell Sap and Culture Medium 


Composition of original solution 

Found in solution after 
contact with cells 

Period of 
exposure 

Br 

Cl 

Exjxnmcnt 1 


m ZQ 

m -E <2 

days 

Phosphate buffer + KBr 5 0m -Eq 

3 85 

68 

7 

“ “ + KCl 5 0 “ 

44* 

3 66 


" “ -t- KBr S 0 “ 

2 44 

1 38 

43 

“ " -b KCI 5 0 “ 

90* 

3 24 


Experiment 2 

Phosphate buffer + KBr 5 0m -Eq 

2 40 

1 24 

21 


Cells kept at room temperature in daylight The proportion of cells to solu- 
tion was approximately 30 gm of the former to 600 cc of the latter 

The masses of cells ere composed chiefly of small, very green and turgid cells, 
practically all m healthy condition, judged by appearance No evidences of in- 
jury developed during the expenment Similar cells kept m the phosphate solu- 
tions vnthout Cl or Br did not lose these elements to the solution suffiaently to 
give a definite test with AgNOa 

* The ceUs used m these tests had previously been exposed for several months 
to solutions contammg 002KKBr 

ions between the ceU sap and the culture medium Previous work 
had shown that the contents of the sap did not appear to diffuse out 
imless the cells were injured When masses of healthy and uncon- 


» Osterhout, W J V ,/ Gen Physiol , 1922-23, v, 709 
® Brooks, M INI ,/ Gen Physiol , 1921-22, iv, 347 
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tamlnated cells vrere immersed in a phospliate buffer solution, for 
example, the test for Q in the solution was negative or only Indicated 
a very slight trace, even after the lapse of several weeks The same 
observation has been made with solutions containing sulfate or nitrate. 
But under exactly similar conditions, except with the substitution of 
bromide, very appreciable quantities of Cl were found in the external 
solution after from 1 to 6 weeks (Table VII), although in this tunc the 
cells presented no evidence of mjury, judged by their appearance In 
the course of a month, considerable new growth had occurred The 
amounts of Cl lost from the cells were of such magmtude that they 
would have been followed by obvious signs of injury or death of the 
cells, had the loss occurred from cells eaqxised to solutions not con- 
taimng bromide Furthermore, when cells which had previously 
accumulated a high concentration of Br in their sap were placed in 
solutions con taimng chloride, Br entered the solution, but no apprcaa 
ble amount was lost to similar solutions not containing chlonde 
For these reasons, it is very difficult to ascribe such exchanges to cell 
injury If injury were present, it would seem that it must have been 
too slow to account for the effects noted Another point to be em 
phasiied is that Q may be lost from cells at the same time Br is being 
concentrated m the sap The studies on the Br and Cl content of the 
sap itself will now be described 

Accumulation of Br aoer Vonoia Time Intervals 

In these experiments, Br determinations on the sap were made as 
before, Q was determined on the same samples end the changes in 
Its concentration were estimated by obtaining the difference between 
the concentration of Cl in the sap from untreated cells and in that 
from similar cells after exposure to the solutions under investigation 
In many cases, the differences were comparatively large and since 
each sample was representative of a great many cells, the values for 
the increases or decreases of Cl concentration determined in this wa> 
axe undoubtedly sigiuficant of loss or gam of Cl by the cell sap 

We now desire to direct attention to Fig 2 m which are plotted the 
changes In Br and Cl concentratiotis of ccU sap, which occurred over 
a penod of 40 days The cells were kept continuously illuminated and 
while the temperature could only be controlled very roughly, the 
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average temperatures for each time mterval were suffiaently alike so 
that no important fluctuations m the general trend of the curves is 
noted It will be observed, first, that the accumulation of Br takes 
place m a very gradual manner and that 40 days elapsed before a condi- 
tion of apparent equihbnum was attained This slow accumulation 
of Br m the cell sap was very defimtely accompamed by slow loss of 



Fig 2 Rate of accumulation of Br and loss of Cl over period of 40 days Con- 
tmuous illumination Diffused daybght supplemented by artifiaal lUummation 
bj t\\ o 300 vratt Mazda bghts 

\ alues averages of duplicate or tnpbcate experiments, agreemg usually withm 
10 per cent Error of 25 per cent may occur with very small concentrations of Br 

Cl until at the end of 40 days, the eqmvalents of Cl and Br present 
in the sap vere almost equal At this time, the masses of cells all 
appeared to be m a healthy condition 

Willie a loss of Cl took place, it is espeaally to be noted that the 
total halogen content of the sap was deadedly mcreased In other 
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words, the equivalents of Br accumulated eiceeded those of Cl lost 
from the cells 

In this experiment, companson was also made of solutions con 
taming 5 nuHi-equi^alents and 1 mflh'cquivalent of Or The two 
curves rqjresentmg the increases in the concentrations of Br m the 
cell sap arc not widely separated and at the conclusion of the experi 
ment, the concentrations in the sap of the cells kept In the solution of 
1 milh equivalent KBr and in that of 5 milh-equivaJents KBr vrero 
almost the same Evidently, there is no equahty in the ratios of 
mtemal to external Br concentration with different concentrations of 
bromide present m the culture solutions Further data pertaining to 
this point will be presented m a later discussion 

Rccentl> Irwin“ has subjected her data on the accumulation of a 
dye by NtUlla cells to a mathematical analysis using the formula 
1 a 

it « “ loc — ' in which iT is a constant, t time, a concentration of 
/ ® a-x 

dye in sap at equiHbnum, and x concentration of dye at time / It 
was thought that some mterest might attach to the application of a 
similar formula to the data plotted in Fig 2 (In this case, a and x 
refer to Br concentrations ) With the solution contammg 5 miHi 
equivalents of KBr, a fairly good agreement is found between ob- 
served and calculated values of x, havmg m mind the difficulties of 
experimentation (Table VIH) The number of observations on the 
solution of 1 nulh-equivalcnt KBr concentration was too small for the 
purpose but a lower value of K for this solution is indicated With 
regard to the rate of loss of Q, a lower value of K was obtamed than 


for the accumulation of Br 

While the formula applied by Irwm to the accumulation of dye may 
fit appronmatcly the data for the accumulation of Br, it does not, of 
course, follow that the two processes arc necessarily simil ar There 
is a very striking difference in the tune required for the attainment of 
on equilibnum condition In the case of the dye this condition was 
reached in a few hours, whfle for Br 30 or 40 days was necessary, 
even under favorable hght and temperature conditions The ratio 
between the concentration of d> e in the and m the external solu 


“ Irwin U J Cat PUysi<>i l<W5-26 vui, 147 
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tion was found to be constant in the range studied, but such constancy 
of ratios IS far from applying to the accumulation of Br It was 
concluded that the dye very possibly combmes with some orgamc con- 
stituent of the sap There is no evidence that the accumulation of Br 
can be explained on the basis of orgamc combmations m the vacuole, 
although it may well be true that intermediate processes mvolve such 
combmations with some constituent of the protoplasm 


TABLE vin 

Acctimulaium of Br tn Cell Sap of Ntlella 
(Fig 2) 

Calculated according to formula used by Irwm for accumulation of dyes 

- log- — - 
t a — re 


k *== constant, a, concentration of Br at equibbnum 
X « concentration of Br at time t 
a « 64 6 


Br concentrations m miUi-equivalents 



Culture solution phosphate buffer + Or, 5 milh-eqmvalents, same as used m 
other experiments 


Other Reciprocal Relaltojis of Br arid Cl 

In connection with the displacement of Cl by Br, the question arose 
whether cells with Cl content imtially higher than that of normal sap 
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could accumulate Br with the same rapidity as normal cells {tx cells 
kept m tap water) Several experiments were made with this point 
m mind During an initial period of 10 to 14 days, certain lota of 
cells were exposed to a buffer solution without Cl and others to a similar 
solution to which 5 mllU-equivalents of KCl had been added At the 
end of this imtial penod, the cells (A) which had been in the solution 
without Cl were transferred to a solution containing 5 milh-cqulvalcnts 
KBr A portion of the cells (B) which had been kept in the ddonde 
solution were also placed in a solution contamfng KBr Another por 
bon of the cells (C) from the dilonde solution was transferred to a 
solution without Cl or Br The second period of the eipenment was 
from 5 to 9 days in length In each experiment cells were maintained 
under the same light and temperature conditions At the end of the 
final penods, samples of sap were obtained from the vanous lots of 
cells and determinations of Q and Br were made (Table IX) 

Attention Is first called to the fact that the Cl content of the cell 
sap (C) could be increased from 30 to 40 per cent under the conditions 
described These and other experiments suggest, however, that the 
accumulation of additioual Cl is less rapid than the accumulation of 
Br The second important observation is that the cells (B) which had 
ptcviously had their Cl concentratiou increased aocumulated a much 
smaller amount of Br than did the cells (A) which had a normal Cl 
content in the sap at the tune they were placed in the bromide solution 
In the latter cells, a consldcrahle concentration of Br was attained 
without anything like an equivalent displacement of Q, but the 
accumulation of Br by the cells with the imtially higher Q concentra- 
tion was at the expense of a nearly equivalent displacement of CL 
The cells behaved as though the total halogen content could be in- 
creased to a certain point, after which accumulation of halogens oc 
curred only as a result of exchange or displacement. The consist- 
ent data obtained in three independent eapenments imder different 
conditions, seem to warrant these itatements 

CemduchvUy Data. 

If the total electrolyte content of the ccH sap can be increased, we 
should be able to show that increases in conductivity also occur In 
order to determine the extent of such changes, a Bpcdal conductivity 



TABLE JX 

Retarding Effect of Preliminary Acatmulahon of Cl on Subsequent Accumulation 

of Br 


Culture scIuUots (a) 

Concentra 
tjon ol Cl 
mcell sap 

Concentra 
Uon oi Br 
in cell sap 

Light and temperature conditions 

Expenment 1 



1 


m EQ 


A 

Penod 1, no Q or Br added 

97 2 

32 0 

Penod 1, 14 days, Penod 2, 


tt 

2, KBr, 5 m -Eq 



9 days Contmuous il- 
lumination (b) 

B 

it 

1,KC1,S “ 

122 0 

13 8 

Same conditions 


it 

2, KBr, 5 “ 




C 

tt 

i.m, 5 “ 

137 5 

0 

<( tt 


tt 

2, no Cl or Br added 




Erperimeut 2 

A 

Penod 1, no Cl or Br added 

103 0 

40 1 

Penod 1, 10 days, Penod 2, 


it 

2, KBr, 5 m -Eq 



5 days Continuous il- 
lumination (c) 

B 

tt 

1, KCl, 5 “ 

117 5 

22 7 

Same conditions 


tt 

2, KBr, 5 ‘‘ 

1 

I 


C 

tt 

1, KCl, 5 

141 0 

0 

it tt 


tt 

2, no Cl or Br added 




Experiment 3 

A 

Penod 1, no Cl or Br added 

101 5 

22 4 

Penod 1, 10 days, Penod 2, 


(f 

2, KBr, 5 rtL-Eq 



6 days Contmuous il- 
lumination (d) 

B 


1, KCl, 5 “ 

129 5 

10 9 

Same conditions 


(C 

2, KBr, 5 “ 




C 

(f 

1, KCl, 5 ** 

137 2 

0 

(( « 


tt 

2, no Cl or Br added 





All experiments earned out m duplicate, with agreement witiim 10 per cent of 
total value, except m one case Average values given 

(a) Phosphate buffer solutions + 5 rmlh-equivalents KBr or KCl, as indicated 
pH approximately 5 4 

(b) Illummation by two 300 watt lamps placed about 2 feet above jars, m 
addition to diffused dayhght Temperature average 20-22®C 

(c) 3 da> s illummation as m b, remainder of first penod and all of second penod 
illumination b> six 500 watt lamps m hght chamber Temperature average, 
18>20°C 

(d) Fust penod m hght chamber as m c, second penod illummation as m b 

The Cl content of the untreated cells was as follows 

Experiment 1-101 miUi-eqmvalents 
‘‘ 2-103 

3-108 


140 












TABLE X 


Ccmporiion of Conducimhts of A omal Cell Sap and Sap from C 4 IU Expottd 
fo Soiufioiu Confa\mng fuBr 

(Phosphate btiSer solutums vrith S mflli-equrv’alenU KBr ) 


ConccdoQ 1 
cf «D*, ' 

j 

Ccpdllfco of rtpomrt 

Coooffttrx* 

liwofCI 

tncctlnik. 

Coocfttlrs. 
Uooof Br 
iactUnp. 

Spedfle 

rembUKs 

OfCAttup. 

P«oe«t»CT 

tkcrtt#e in 
mktuKe. 

1 


m. SQ. 

ro- 

tkm$ 


B 

6 bn continuouB ffluminatiem (1) 

98 6 

I 4 

74 7 


D ’ 

6 da>'S tame conditions (1) 

95 4 

37 8 

59 4 

21 

B 

9 « « (1) 

(KBr 20 m. Eq ) 

97 0 

S3 1 

56 2 

2S 

C j 
C 

No treatment. 

10 days (7 da)** mtennittent and I 

105 S : 

0 

77 2 


1 

3 days condouems ffluminatlonl j 

909 

49 6 

62 3 

19 


17 days dayhidit (3) 1 

83 4 : 

33 4 

69 2 

10 

c 

33 “ coDllbuous fflumination 
(4) 

09 1 

M 8 

58 9 

24 

D 

D 

No titalmtot- 

10 days (4 days daylight and 6 

1 days continuons ffliuninatkm) 

: (S) 

: 101 1 
Not de> 
ter 
nnned 

i 0 

1 64 5 

74 3 

i 

51 2 

31 

D 

1 9 days continuous fflundnation 
(6) 

98 0 

31 4 

i 

59 0 

j 21 

D 

19 days dayUght (D 

88 0 

i 

59 6 

1 20 

E 

No treatment. 

103 0 

0 

76 4 


E 

16 days conUnuoQS fflamlnation 
(S) 

82 2 

48 4 

61 8 

19 

E 

IS da>a continuous iUnmlnation 
(9) 

80 0 

56 6 

54 8 

28 

E 

10 days continaoas Blundnation 
(10) 

81 0 

S3 4 

60 1 

21 

1 

S days continuous fflnmiaattmi 
(HJ 

105 0 

41 0 

St 9 

28 


(1) Continuous fllununaticii by two 300 vratt limps luapeodcd about 1 foot 
above jars, Tempenture 22-26ii*C 

(2) 7 days, diffnsed daylight, lupplcmcnted by two 300 watt lamps during 
periods of 7-8 hrs. 3 days on at night also Tcmperatuie 30-2S®C 

(3) Bifiosed daylli^t only TcmperaUire avenge ipprontnatcly 20^C 

(4) IHSmed diyUf^t In addition to continuous ffluminatiem with two 300 
watt lamps 2 feet above Jan. Avenge tempentuie 20-22*C 

(5) Diffused dayli^t tnd iilumioation during 6 ni^ts by two 300 watt lamps 
1 foot above jars 

(6) Same conditions as in (4) 

(7) Diffused dayli^t only Room temperature. 

(8) Same conditions as m (4) 

(9) Ulummahon by six 500 witt lights light chamber Average temperature 
apprcndmatelv 20“C 

(10) Same conditions as in (4) 

(11) « (9) 

141 
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cell was constructed for use with shghtly less than 1 cc of cell sap 
Conductivity determinations were made in vanous experiments and 
certain typical data are given m Table X In every case m which Br 
accumulated to any great extent a significant increase of conductivity 
occurred These increases varied from 10 to 31 per cent, based on the 
values for sap from untreated cells In certain instances, the in- 
creases of conductivity were of a magmtude very similar to those 
which would be obtained by addmg to normal sap an equivalent 
amount of KBr, but m other cases, the increase is deadedly less than 
would correspond to this condition, as might be expected, considenng 
that Cl ions have been displaced Unpubhshed data indicate that 
an exchange of bases, espeaally sodium for potassium, may also occur 
under some arcumstances If these exchanges are taken into con- 
sideration, there is nothing m the conductivity data to suggest 
that an appreaable amount of Br has been organically combined 
Other reasons for this view, previously discussed in connection with 
the chlonde content of the sap also apply to the bromide content 

While the quantitative responses of difierent lots of cells collected 
at different times of the year are not exactly the same, there are one or 
two general relations which are strongly suggested by the available 
data In several experiments, a large accumulation of Br took place 
with httle or no loss of Cl In these cases, the hght and temperature 
conditions were very favorable to the accumulation and a high con- 
centration of Br was attained in the cell sap in a relatively short 
penod of time In companng two speafic experiments conducted 
under different conditions, we note that in 6 days, with a high m- 
tensity of continuous illumination, 37 8 miUi-eqmvalents of Br were 
accumulated with a loss of 3 2 milh-eqmvalents of Cl In the other 
expenment, ivith diffused dayhght alone, and with a lower tempera- 
ture, 17 days were reqmred to accumulate 33 4 milli-eqmvalents of 
Br and the loss of Cl was 22 1 nulh-eqmvalents While these relations 
can only be suggested at the present time, it is evident at least that 
a gam of Br and loss of Cl do not proceed necessarily at the same 
rate and that hght, temperature, and time are important factors in 
all processes 

It cannot be proved, of course, that exchanges of ions are, stnctly 
speakmg, mvolved Since it is also possible that cations may be 
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displaced, as well as anious, it could be assumed, for example, that 
KBror K and Br ions entered the cell and that NaCl or Na and Cl ions 
left the cell However, the course of events is certainly more com- 
plex than this statement would impl> 

That arc various other data \^ch can be discussed later when 
certam additional experiments have been made, but a few preliminary 
observations may be made now incidentally With regard to the 
effects of hydrogen ion concentration on the accumulation of Br, our 
present results do not show that these effects arc the same os those 
obtained in the studies on nitrate, which accumulates much more 
slowly than Br The influence of certain other anions on the ac 
cumulation of Br is striking, and in smgle salt solutions, the nature of 
the cation plays a very important rAle. 

( 

mscussiOH 

In most of the investigations on the absorption of substances by 
plant cells, the latter arc assigned a more or less passive r61c and the 
pnnapal conduslons are concerned with explanations of alterations of 
permeabflity occumng under diverse conditions. This, however, 
can be only a partial view of the situation From the point of view 
of the growth and nutntion of the plant, it Is highly essential to cm 
phasize the abihty of the cell to concentrate or, in the sense of the word 
as recently cmplcrjred by Ostcrfiout, to accumulate substances m its 
mtenor AH the evidence now available shows that it is possible for 
certam morgamc elements to be taken out of a dilute solution and 
stored m a solution of much higher concentration inside the cell 
It is true that such processes may take place relatively slowly, but, 
nevertheless, often at an appreciable rate, as we have shown with re- 
gard to Q and Br In most physiological expemnents which have 
been reported, no adequate idea of the intake of inorganic elements by 
plant cells has been obtamed because the time intervals employed 
were too ahorL 

The sbflity of living cells to concentrate substances has, of course, 
been recognised by vanous wntexs and m this connection, It seems 
worth whHe to quote the following from a recent book by Lflhc’^ 

“ Liffic, R. S Protoplumic action *nd nerrouf action, XJnlvtisity of Chlca|;o 
Pres* Qiicago 1923 
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“But since these compounds (crystalloidal compounds) do, m fact, gam en- 
trance to the cell, at least at certam tunes, it is clear that the problem of cell per- 
meabihty is not a simple one Apparently, we must conclude that the entrance 
or exit of substances by simple diffusion is, in most cases, a different phenomenon 
from their entrance, or exit, under physiological conditions The processes of 
absorption and secretion are, m fact, speaal activities, requirmg the performance 
of work by the cell The distmction between a passive or purely physical per- 
meability and an active or physiological permeabihty thus seems to be a neces- 
sary one ” 

In \new of the importance of such distinctions, it is regrettable 
that the term permeabihty has been used to descnbe so many types of 
phenomena The general adoption of the term “accumulation” to 
designate certam processes, as m the recent usage of Osterhout, nught 
serve to clanfy discussion 

The experimental data presented m this article seem to offer defimte 
evidence that hght is an essential factor m the accumulation of Br or 
Cl by Nilclla cells Blackman and Paine, Trondle, Lepeschkin^- and 
several others, have descnbed the effects of hght on permeabihty, 
but m these mvestigations, the methods were mdirect and permeabihty, 
as such, was the chief point of mterest Results such as we have ob- 
tained cannot be explamed by the statement that hght simply mcreases 
cell permeabihty Light obviously contnbutes energy to a system, 
and it would seem necessary to assume that this energy, which, under 
appropnate conditions can be stored, may be utihzed to bnng about 
a movement of solutes from a region of low concentration to one of 
higher concentration 

In our earher work, which has been confirmed, we found that Cl 
did not diffuse out of umnjured cells into the vanous types of solution 
which were tned, and it was questioned whether such outward move- 
ment of Cl could take place in the absence of mjury It now seems 
certam that an exchange of Br for Cl may take place (or its eqmvalent), 
and present information would not point to injury as the primary 
cause of the exchange, which seems to occur to an appreaable extent 
only VTith elements which can be absorbed or accumulated by the 
cell vnth relative rapidity Notwithstandmg the existence of such 
exchange phenomena, Br and Cl can both accumulate in the cell in 

Sec rewew b> Stiles, W , Pcrmeabilitx , tVhcldon and Wesley, London, 1924 
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concentrations much higher than those present m the external solu 
tion, 80 that our views with regard to concentration gradients are not 
altered, but only extended 

It IS now of interest to consider the suggestions recently ad\ anced by 
Osterhout’* to the effect that Ions may not be able to penetrate 
living protoplasm, but that penetration is confined to undissodated 
molecules We have been accustomed to assuming, in dealing with 
solutions of strong electrolytes such as those used m the expenments 
on NtleUa, that the interpretation of the results could best be made m 
terms of ions The dilute character of the solutions existence of 
exchange phenomena apparently involving ions, the influence of one 
ion on the absorption of another, are some of the reasons which would 
seem to favor an interpretation m terms of ions, as for as the particular 
phenomena we have been mvestigatmg are concerned 

It is very possible the expenments carried out by Oaterbout on 
certain chemical systems arc not mconsistent with on hypothesis of 
lomc penetration as suppUed to other systems. In his studies on the 
absorption of HjS and CO* by Valoma, evidence was found that the 
cquilibna between the sap and the sea water mednim could be ex- 
plained most logically on the basis that ions couM not penetrate the 
cell The question then arises whether the failure of the ions of the 
HjS and CX)j systems to penetrate necessarily implied that Br and Q 
ions cannot do so While the question is not now capable of a defimte 
answer, several points of difference between the experiments with 
HtS and COj, and the expenments with Br and Cl should be noted 
In the first place, the time penods mvolved are very much longer m 
the latter case, so that opportumty would be afforded for the very 
slow entrance of ions In the case of the studies on HjS, with Valoma 
It was not found that a higher concentration of sulfide was attained 
inside the cell than outside, while Ntidh cells show a marked ability 
to concentrate Br or Cl m the sap Then, m the HjS and COi sys- 
tems, gaseous components were present, and it is quite possible that 
these were involved in such a way as to make it very uncertain 
whether an> direct companson can be made between the results 

wOatdiiout W J V ondDorcu M J / G<rt Phystol 1925-26 ix, 255 

“Osterfjout W } Y J Goi Physiol 1925-26 vSl 131 
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obtained with Cl and Br, and those ivith CO 2 and HsS Still an- 
other point of difference is found in the temperature coeffiaent 
Osterhout found a low coeflBaent for the entrance of HjS, while in our 
expenments the coeffiaent for the accumulation of Br is of the order of 
magnitude of a chenucal process 

Looking at the whole question from another point of view, it is not 
certain that we are now m a position to deade whether we are deahng 
with imdissoaated molecules or with 10 ns, for the reason that inter- 
mediate chenucal compounds may be formed, the chenucal nature of 
which IS unknown If combinations of this sort are, in fact, involved, 
information concermng their character and the energy relations of 
their formation or dissoaation would appear to be mdispensable to an 
understanding of the mechanism of penetration of those substances 
which can accumulate m the cell sap of plants It will also be neces- 
sary to detenmne whether these phenomena are concerned at all with 
electncal potential differences In any case, the energy relations im- 
phed m the abihty of hvmg plant cells to concentrate substances 
require consideration irrespective of the mechamsm of accumulation 

CONCLUSIONS 

1 By the use of a speaal analytical technique it has been possible 
to study the accumulation of halogens in the cell sap of Ntlella 

2 From a dilute solution, Br may be accumulated m the sap m a 
concentration much greater than that of the external solution The 
conductivity of the sap may be markedly increased by such accumula- 
tion The process is a slow one so that a month or more may be 
required to approach eqmhbnum 

3 Cl may be lost from the cell as a result of the accumulation of 
Br and vice versa Other reaprocal relations between Cl and Br are 
mdicated 

4 At equihbnum practically as much Br accumulated m the sap 
wnth an external solution contammg 1 miUi-equivalent of Br as 
i\uth one containing 5 milli-equivalents 

5 Light energy uas indispensable to the accumulation of Br 
The temperature coeffiaent was characteristic of a chemical process 
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That soaps possess a marked gcrmlddal action has been known 
smce the time of Robert Koch (1881) This valuable property finds 
cvery-^lay application m the sterilizadon of the skm dishes, and 
soiled clothing Soaps are furthermore of interest to the bacteriol- 
ogist because they, or substances similar to them, very probably 
have somethmg to do with the body’s defence against infections 
(see FlexncFs mtroduction to the paper of Lamar, 1911, a) 

Solutions of soaps having 12 or more carbon atoms in the molecule 
are alkaline in reaction, because of hydrolysis The longer the chain 
of carbon atoms, the greater is the hydrolysis and the more alkaline 
is the Bolution Most investigators of the germiddal action of soaps 
are agreed that this alkaline reaction favors the destructive effect on 
the bactensu Reichcnbach (1908), working with B coh as test or 
gamsm, found that the more strongly hydrolyxed and therefore more 
alkaline soaps were most germiddal addition of alkali mcreased the 
germiddal titer Lamar (1911, h) found sodium oleatc to be more 
hemolytic than oleic add, this difference he ascribed to the lower solu 
bflity of the aad Nichols (1919-20) found that the soaps commonly 
used m washing dishes (the resmates, stearates, and palmitates) were 
precipitated and lost their genmadal action when the reaction was 
brought to pH 7 0 or more add Further than this, there seem to 
be no observations recorded m the htcrature on the effect of the pH 
on the germiddal action of the soaps 

EKPEfillOENXAL. 

Soaps of the foUowmg normal fatty adds were Investigated buty- 
ric, caproic, capryhc, capnc, undccylic, lauric, tndccylic, mynsUc, 

• \ an Cott FdUm Department of Pathobgy Hoaghnd Laborator> 
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pentadecylic, palmitic, steanc, oleic, and ncinoleic The butync, 
caproic, and oleic aads were Kahlbaum’s, the remamder were ob tamed 
from the Eastman Kodak Company The soaps were prepared by 
adding the theoretical quantity of fatty aad to n/S KOH Potas- 
sium soaps were chosen because of their greater solubihty Walker 
(1924) has shown that the sodium and potassium soaps have prac- 

TABLE I 


Compos-ttimt of Buffer Mixtures 


pH 

M/s KHtPOi 

n/5 KOH 

N/10 glycmc 

i - 

N/10 KOH 



cc. 

1 

1 cc 

cc 

5 0 

9 90 

0 10 

i 10 0 

0 

S 5 

9 71 

0 29 

10 0 

0 

6 0 

8 97 

1 03 

10 0 

0 

6 5 

7 67 

2 33 

1 10 0 

0 

7 0 

6 28 

3 72 

10 0 

0 

7 5 

5 50 

4 50 

10 0 

0 

8 0 I 

5 17 I 

4 83 

9 75 

0 25 

8 5 

5 10 

4 90 

9 0 

1 0 

9 0 

5 10 

4 90 

8 0 

2 0 

9 5 

5 10 

4 90 

6 5 

3 5 

10 0 

5 10 

4 90 

i 

S 5 

4 5 


TABLE II 


Composihoit of Lactic Aad-Potassium Lactate Buffer Mixtures 


pH 

n/ 10 polaisium lactate 

n/ 1 lactic Bad 


cc 

cc 

5 0 

10 0 

0 0625 

4 7 

10 0 

0 125 

4 4 

10 0 

0 25 

4 1 

10 0 

0 SO 

3 8 

10 0 

1 

1 00 


tically the same germiadal value Before each experiment, senal 
dilutions of the soaps reqmred were made with sterile distilled water 
The pH of the soap solutions was controlled by the addition of 
buffer mixtures, whose composition is given in Tables I and II 
The composition of the phosphate and glyane buffers was calcu- 
lated from the data given m Clark (1922) The pH of the glycine- 
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KOH mixtures is for 37®C The phosphate mixtures were made 
up in larger quantities, the glyane-KOH mixtures were made up 
fresh for each experiment and added to the phosphate 

Five different speaes of test organisms were used These were 

1 StTCpiococcus pyogeiits The strain used was the “H’’ strain 
first described by Gay and Stone (1920) , its extremely high virulence 
for rabbits has been maintained by constant antmal passage This 
stram is hemolytic, it grows vigorously and diffusely in infusion 
broth 

2 B dtpJitJimx The “Park Wilhams No 8“ was the stram 
used 

3 Stapltylocccats aureus An oM laboratory stock culture was 
employed. 

4 B iyphosHs The *‘Pfeiffer“ strain was used 

5 Vjbno dwlerx The strain used was an old stock culture of 
unknown ongm 

The genmadal tests were performed in the foUowmg manner 

The required buffer solutions were steiihxed, when cool, they 
were moculated with the test organisms and well mixed Then 
0 5 cc quantities were pipetted into senes of small sterile test- 
tubes The inocula were such that each Oil cc of the buffer fluid 
contamed 0 04 cc. of an 18 to 24 hour broth culture of Streptococcus 
pyogeueSj B diphtherias j or V choierx^ or 0 02 cc. of Staphylococcus 
aureus or B typhosus Then 0 5 cc, quantities of the soap solutions 
(senal dilutions of which were prepared in advance) were added to 
each tube Fmally each tube was gently rotated while in a slanting 
position and placed in the water bath at 37^C At the end of 30 
mmutes, 2 hours, and 18 hours, a 4 ram loopful from each tube was 
subcultured on plates of blood agar {Streptococcus, B diphBierix, 
and V dioHeras) or plain agar {Staphylococcus and B typhosus) In 
case the tube contamed a preapitate of insoluble fatty add, the pre- 
apitate was well stirred with the platinum loop on subculture The 
plates were incubated at 37*C for 48 hours and read In several 
c^qKinments duplicate subcultures were made the first set on agar 
plates, the second set m tubes of infusion broth No essential dff- 
ferences were observed 

The soap solutions added were m certam instances strongly alka 
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line The question thus arises, how adequate are these buffer mix- 
tures to resist change of pH on the addition of this alkah? The alka- 
hne end of the senes — from pH 8 0 on — ^is very well buffered against 
weak alkahes such as the soaps, the aad end, on the other hand, is 
but poorly buffered agamst any but very dilute solutions It was 
foxmd necessary to test the final pH of the solutions with indicators 
to determine where any serious shifting of pH had occurred The 
less hydrolyzed soaps gave very httle trouble Those with fewer than 
10 carbon atoms could easily be adjusted with aad before bemg added 
to the buffer mixtures The potassium laurate, in concentrations 


TABLE m 



Add limit of tolerance 

Alkaline limit of tolerance 

2 hrs 

IShrs 

2hr3 

IShrs 



PB 

PB 

pB 

Sircpfococais 

55 

6 0 

9 5 

9 0 

B diphthenx 

4 4 

4 7 

10 5 

10 0 

V cholcrx 

5 5 

6 0 

9 0 

8 5 

Staphylococcus 

3 8 i 

4 4 

10 s 

10 0 

B typhosus 

4 4 

5 0 

10 0 

9 0 


The pH values given indicate the most aad or alkaline tube that gave growth on 
subculture The tests were conducted m the same manner as the germiadal tests 
with soap, except that distilled water instead of soap solution was added to the 
buffer fluids 

of n/160 or less, caused no senous shiftmg of pH except in the most 
aad of the phosphate mixtures The same was true of the soaps of 
higher molecular weight when the concentration was n/320 or less 
Whm any shift m the pH of a significant tube occurred, the ob- 
ser\^ed pH (colonmetnc) was recorded As a matter of fact, correc- 
tions of this nature were not often required 
Inasmuch as an excess of either aad or alkah is destructive to 
bactena, repeated tests were made to determine the aad and alka- 
hne limits of pH tolerated by the five organisms here studied The 
results are given m Table HI 

The results of the germiadal experiments with soaps are given 
in Figs 1 to 7 Attention must be called to the fact that the ger- 
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middal titers given in tiiesc figures refer, not to the amount of soap 
or ffltt> aad in solution, but to the total amount added irrespective 
of Tvhethcr a precipitate fonned or not Thus, when k/10 potassium 
stearate vras brought to pH 6 0, practically all of it was preapitatcd 
ouL W hen such a nuiturc was found to be without gennladal prop- 
erties, it was recorded as having a b ter of <N/iO Agam, when 
n/640 potassium myrlstate was brought to pH 6 0 (as m Fig 1) a 
precipitate formed, and the actual concentration of mynstate m solu 
tion became much less, yet it was recorded as n/640 This procedure 
was adopted for two reasons first the difficulty of estimating the 
amount of fatty aad actually m solution, and second, the fact that 
the substances m solution ore m cquilibnum with the precipitate, so 
that the latter cannot be regarded as wholly inert 

A study of the experimental data brings out the following facts 

1 Potassium butyrate is non gcrnuadal m a concentration of 
n/10 at all pH values within the limits given in Table HL 

2 The lower members of the saturated senes of soaps are most 
gcimiadal in an aad reaction The most striking example of this 
was found in the case of potassium cAprate and Staphylococcus 
the titer here was 1000 times as great at pH 4 4 to 4 7 as at pH 9 0 
to 10 0 

3 The curves for the higher members of the saturated senes are the 
reverse of those for the lower members, showing greater gcnmodal 
action when the pH is alkahne Certain soaps (such as the mynstate 
and the pahnltate with Streptococcus) are mtermediate in their be* 
havior, showmg a defimte minimum in their activity near the neutral 
pomt 

4 With mcreasing molecular waght of the soap, the germiadal 
titer mcreases to a maximum and then diminishes The pomt at 
which this inflection occurs vanes with the pH and the organisms 
(Figs 5 and 6) Thus, with B typhosus at pH 5 5 the titer rises from 
caproic to capnc aad, and then falls off very rapidly through unde- 
cylic aad to lauric aad, where no gerrmadal action could be demon 
strated With the other four organisms tested, the maximum for 
the add range was reached at lauric and tndecylic aads, with a some 
what slower falling off of the titer with increasing molecular vreight 
In the alkahne pH range, the germiadal action toward all five organ 
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isms increases with the molecular weight to the pahmtate and then 
dimmishes 

5 The oleate and ncmoleate were not tested against all five or- 
ganisms Fig 7 shows that the oleate with Streptococcus and the 
nanoleate with B dtphtJienx are far more effective in aad than m 
neutral or alkahne ranges The oleate with B dtphthertce gave a 
curi'^e qmte unhke any other that was obtained, with maximal ger- 
micidal action at pH 6 5 and 7 0 The oleate showed no action on 
Slaphylocouus and very httle on B typhosus, and then only at the 
most alkahne reactions This confirms the observations of Reichen- 
bach (1908) and Walker (1924) 

From this data it is clear that the soaps have a germicidal power 
that vanes with their structure and the species of germ acted upon, 
and that the correspondmg fatty acid may hkewise be gerrmadal, 
often far more than the soap 

The question anses, what is the cause of the sudden drop in the 
curves (Figs 5 and 6) after a maximum has been reached? Why 
are the cur\’’e3 m Figs 1 to 4 reversed as we pass from soaps of lower 
to higher molecular weight? 

One reason for this is the dimimshing solubility of the soap or fatty 
aad as the molecular weight mcreases Thus, the most concen- 
trated solution of potassium laurate that remains clear at pH 6 0 is 
n/5120 More concentrated solutions contain msoluble matter m 
suspension It is impossible to detenmne whether n/160 dissolved 
laurate or pahmtate would lull the typhoid baallus at pH 6 0, be- 
cause that amount cannot be obtained in solution 

There is also evidence to show that the germicidal power of the 
fatty aads also actually dimmishes with increasmg molecular weight, 
after a maximum has been reached It is suggested that this may 
be due to dimimshed solubility of the germicide in the bactenal pro- 
toplasm In the case of B typhosus (Fig 6), the sudden drop from 
capnc to imdecyhc aad can be explamed only by a diminution in 
germiadal power 

A companson of the gerrmadal titers for the three different time 
mterv'als ga\e some rather interesting results The following com- 
bmations ran practically the same titers for the 30 imnute, 2 hour, 
and 18 hour penods Staphylococcus wnth soaps of 12 or fewer carbon 
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atoms, B typhosm, B diphihenz, and V cfioicrx with 11 or fewer 
carbon atoms With soaps of higher molecular weight, the titers 
were Increased bv lengthening the incubation penod This mcrease, 
howrrver, was not always uniform o\cr the whole pH range Thus, 
for the 18 hour period, the curve for the mynstate and StapJtyiococcus 
(Fig 1) was flattened out without bemg raised at the ends, while 
the palmitate and stearate curves were shifted to the left without 
any change in their shape On the other hand, the mynstate curve 
for V cholcrx (Fig 3) Instead of being flattened, was strongly raised 
at both ends when the incubation penod was increased to 18 hours 
The tests described were earned out in a salt concentration of n/20 
A detailed study of the effect of salt on the genmadal action of soaps 


TABLE IV 

The Effect of the Salt Concentraiion on the GermietdoJ Ttier of Peiasnum Lavraie 
on B dtphlhenr 


Stkootumntlos. 

1 GomlddU lltm. 

pHta 

pH 7^ 

pBt.a 

¥/10 

jr/10 240 

M/1 280 

m/320 

k/25 

1 H/s ro 

M/6tt 

k/IOO 

K/lOO 

k/2 560 

k/320 

k/160 


Temperature 37®C Time of incubatkm 2 hours. 


was not undertaLen, but a few experiments were made which indi 
cated that the addition of salts increases the gernuadal action One 
such experiment is shown m Table IV 
This effect of salt upon the germicidal action of soaps and fatty 
adds is similar to the effect of salt upon phenol, another organic aad 
In the latter case, the effect of salt was explained by Spiro and Bruns 
(1898) in this manner When bactena are added to a solution con 

,,,,,, , phenol In bactena 

taming phenol the cquilibnum concentrations of 

wiU depend upon the relative solubility of the phenol in the two phases 
If anything is added to the water phase (such as alcohol) that increases 
the solubihty of the phenol in it then the concentration of phenol 
In the bactena is dunlnished and likewise genmadal action Con 
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This would affect the distribution coefiSaent of the gtnmcide between 
gcnns and test fluid We do notknow what diangcs occur in the pH of 
hvmg bacterial protoplasm when the pH of the outside fluid is altered 
However, Coulter (1924-25) has shown that when aad is added 
to a suspension of crythroQrtes, the cell contents do not become as 
oad as the outside fluid. If this is the case with baxrtena, an aad 
outside pH would be accompanied by a much less oad pH of the 
bacterial protoplasm As aads dimmish the solubility of soaps, 
an aad reaction of the outside flmd should, therefore, increase the 
concentration of soap (or fatty aad) in the bacteria. If, however, 
the added aad preapitatcs most of the soap out of solution, the ac 
tual concentration within the bactena would be diminished, even 
though the relative concentration is sdll greater than that m solution 
in the outside fluid 

4 The greater gtrmiadal activity of the fatty aad may be due to 
the fact that the aad is less dissociated than the soap There is a good 
deal of evidence to show that un dissociated molecules penetrate more 
readily into protoplasm than do ions (Osterhout, 1925-26) Michachs 
and Demby (1922) believe that the germiodal effect of the orgamc 
bases studied by them is due entirely to the undissoaated molecules, 
they show that the curve for the germiadal titer closely parallels the 
dissociation residue curve for a weak base Scudder (1914) gives 
the value of Jw for capryhc aad as 1 44 X 10“*, the dissooation 
residue for this add corresponds very dosely with the germiadal 
titer curves for the same aad (Figa 1 to 4) The latter, however, 
are logarithmic curves, hence it would appear that the loganthm of 
the gcnmddal titer vanes with the dissociation residue of this aad 
This means either that other vanables enter mto the germiadal effect 
or that the dissociation residue affects the gcrnuadal titer in two or 
more different ways by affectmg the surface tension or the dis- 
tnbudon coeffiaent as i^’ell as the obihty to penetrate) 

BUlQIAJtY 

1 The effect of the pH on the germiadal action of soaps has been 
studied. The lower members of the senes were found to be most 
active m aad solution, the higher members, m altaUne. The point 
of transition vaned with the test organism used 
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2 This IS probably due to the effect of the pH on the dissoaation 
residue and on the solubihty of the soap The dissoaation residue 
may affect the germiadal titer by modifying the surface tension, 
the penetration mto the bactena, and the partition coeffiaent of the 
germiade between bactena and water 



Fig 1 Germiadal titers of saturated soaps for Staphylococcus aureus The 
inoibation penod i\as 2 hours at 37°C The numbers at the right of the curves 
designate the carbon atoms m the molecule The curves for the undecylate, 
tndecjlate, and pentadeej late are omitted from the figure for sunplification, 
the^ vould occupj an mtermediate position between the adjacent soaps vith an 
e\ en number of carbon atoms 



157 






b A 

\ 



I*"*" 


£ 

/V 

% w 

^ M. 

^ 20 

ih 

^ to 

V 


Y 

f 

<V' ^ 

/ 

Bi 

y ... 


/ , 

nn 



i 


V 


1 

j 

! I 







pH Si; 6.0 70 8.0 to ts 


Fig 4 Genniadal titers of saturated soaps for B iy-phosus The incubation 
penod was 2 hours at 37®C The numbers at the nght of the curves designate 
the carbon atoms m the molecule The curves for the soaps with 13, 14, and IS 
carbon atoms were ormtted to simplify the figure 



! [Fig 5 The genmadal titers of saturated soaps for B dtphihen^ The in- 
cubation penod x\as 2 hours at 37°C The soaps are designated by the number 
of carbon atoms m their molecule 
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T5E SWELLING PRESSURE OF GELATIN AND THE 
ilECHANISM OF SAVELLING IN WATER AND 
NEUTRAL SALT SOLUTIONS 

Br JOHN H: NORTHROP AXD II RUNITZ. 

{From ike Lahoraiones ef The Rotlefeller Imtitutefor Mcdual Resecrch ) 
(Acc«ptM for publication, June 15, 1926 ) 

The swelling of gelatin when placed in aqueoiis solution may be 
rcadSy separated into three types The swcllmg m add or m alkali 
and the effect of neutral salts on this sweUing have been shown by the 
work of Procter and Wilson,' and Loeb* to be due to the osmotic pres 
sure of the ions of the electrolyte, in accordance with the Donnan 
equibLnum The initial BwelUng of dry gelatin in water — which 
evidently is not connected with the Donnan equilibrium— has been 
carefully studied b} Katz,* who was able to show that the heat effects, 
volume, pressure, and vapor pressure changes were strictly analogous 
to those observed m the formation of concentrated solutions of manv 
substances, and that the system as a whole behaved as an ideal con 
ccntiated solution The large amount of heat liberated mdicatcs 
strongly that a reaction occurs between the water and gelatin, result 
mg, presumably, in the formation of a gelatm hydrate When suffi 
dent water has been added, however, to reduce the gelatin concen 
tiation to less than 50 per cent, the heat effects become very smaU and 
yet the gelatin may swell, tmder favorable conditions, until the con 
centration of gelatin is 5 per cent or less It appears improbable that 
this water is all corabmed with the gelatin in the form of a h) dratc, 
and it seems necessary to consider this as a third distinct type It is 
this type of swellmg which is discussed m the present paper 

The mfiuence of salts on this tertiary swelling was found by the 

' Cf Uson J A , In Bogue R H., The theory and application of colloidal 
behavior New York and London 1924, i, 1 

* Loeb J Proteins and the theory of colloidal behavior, Nevr \ orfc and I^ndon 
1922 

» Kat* J R kolhidchan Bethffie 1917-18 lx 1 
I6I 
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waters^ to be closely parallel to the effect of salts on the osmotic 
pressure of gelatin solutions, and it was further shovm that these 
effects could not be accounted for on the basis of a Donnan equihbnum 
It was suggested that this swellmg was a purely osmotic phenomenon 
and that the effect of salts was due primarily to their influence on the 
osmotic pressure It is evident that the problem would be greatly 
simplified if the pressure with which the water was drawn mto the 
sohd gelatm could be measured mstead of merely the rate or extent of 
swellmg This “swellmg pressure,” although analogous to osmotic 
pressure of a gelatm solution, cannot be measured m the same way, 
smce if sohd gelatm is enclosed m a ngid membrane the pressure wfll 
be exerted on the walls of the membrane It w'as found possible 
however, by placmg the gelatm outside a porcclam thimble coated with 
collodion, to measure this swellmg pressure The measurements show 
that the pressure measured m this way is but little less than the osmotic 
pressure of the same gelatm when hquid, and they corroborate the idea 
that the swellmg m water and neutral salt solutions is due to the 
osmotic pressure of the solution held m the meshes of the gel 

Expenmenial Method 

Gelatin — Isoelectnc gelatm was prepared as descnbed by Loeb* and all measure- 
ments were made at pH 4 7 

The method of making the measurements is shown m Fig 1 The Chamberland 
filter was coated w ith collodion by pounng coUodion slowly on the surface while 
the thimble was rotated mechanically The tube was partially filled with gelatin 
of the desired concentration and the thimble and manometer tube, previously 
filled with water, mSerted as shown in the figure The tube was then placed m a 
w ater bath at the desired temperature and the pressure measured after equihbnum 
was reached A number of eicpenments were made to detemune whether the 
thickness of the gelatin layer or the previous treatment of the system had any m- 
fiucnce on the final readmg The results of some of these experiments are shown 
in Table I The equihbnum pressure is evidently mdependent of the thickness 
of the gelatin laj er, and the temperature effects are reversible It was also found 
that the final pressure was mdependent of the mitial pressure, j c , it is a true 
equilibnum \ alue The results, when the tube was completely filled with gelatm 
were much more regular, and this method was used in most of the experiments 
The figures are the averages of 4 to 8 measurements and are reliable to about 5 


*■ Northrop, J H , and Kumta, hi , J Gen Physiol , 1925-26, vm, 317 
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jRca I AppanUas for xocftsuring i^fcUing pressure of gelatin 



Fiq 2 Osmotic or rvelUng pressure of vaxkrus coocentratloiu of gelatin at 
different tcmperaturts 
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per cent In working with the thin coatings of gelatin it was occasionally noticed 
that the water evaporated from the gelatin and condensed on the surface of the 
tube even when the manometer showed high negative pressure on the water m the 
thimble This result is exceedingly difficult to account for except on the basis 
of some temperature difference, and is perhaps similar to von Schroeder’s® anoma- 
lous findings The pressure of the gelatm when hquid was determined m a rockmg 
osmometer as previously descnbed ^ 

Effect of Temperature and Concentration of Gelahn on tlie Swelhng 

Pressure of Gelahn 

The result of a senes of experiments m which the pressure of vanous 
concentrations of gelatin as measured over a range of temperatures 


TABLE I 

Effect oj Thick) ess oj Gelahn Layer and of Preiious Treatment on Swelling Pressure 
of 10 Per Cent Gelahn at 25°C 


Gebtin on ' 

Uiimblc 

Other conditions 

Pressure 

cc 


mmMg 

25 

Suspended in closed tube in air 

49 

48 

U it ii U n it 

54 

195 

it it tt it it it 

44 

250 

Tube filled wuth gelatin 

45 

250 

At 0°C for 10 mm before placmg at 25°C 

48 

250 

“ 0°“ “ IShrs “ “ “ 25® » 

46 

250 j 

tt T^'jott tt it it tt it it 25 °** 

47 


15 showTi in Fig 2 The sohd hne indicates that the gelatm was sohd 
and the dotted hne indicates hquid gelatm It will be seen that m 
high concentrations of gelatin the pressure mcreases with decreasing 
temperature to give a maximum near 37°C , and then decreases quite 
sharply, as the gelatm sohdifies, to become nearly mdependent of the 
temperature below^ 15°C The negative temperature coeffiaent in 
the high concentrations is due presumably to the large positive heat of 
solution^ and so does not occur in the low concentrations The drop 

^ \on Schroedcr, P , Z ph\stk Chem , 1903, xlv, 109 

® Cf Fmdla\ , A , Osmotic pressure, London and New York, 2nd edition, 1919, 
58 
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in the pressure between 30° and 20° C occurs also in the low concentra 
tions where the gelatin docs not solidify, and m these cases approaches 
zero In these dilute solutions a preapitate forms and hence no 
osmotic pressure would be expected If gelatin is considered as a 
single chemical substance, these results are evidently eiceedmgly 
difficult to understand The drop in the pressure below 35°C would 
result if an insoluble substance is separating out, but if the solution 
contained only this substance the pressure must become independent 
of the initial concentration as soon as the solid phase appears This 
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*D»mper&ULee*C 

Fio 3 Osmotic or EwtUxnR prciiutt of gelatin of different concentrations os 
per cent of value at 37*C 


is not the case The erperhnent is analogous to SdrensenV results 
on the solubility of the globulins, in that the osmotic pressure (con 
centration) mcreascs with the total amount of substance added even 
m the presence of the sohd phase This is the expected result if it is 
considered that gelatin is a mixture of (at least) two substances, one 
of whidi is easfiy soluble over the range of temperature studied, and 
the other of which is readily soluble above 35°C , but much less soluble 
below 15°C The drop in the pressure between 35° and 15°C ts due 

^ SCrensen S P L Proteins The FLdsdimann Laboratories New \ orL, 1925 
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then to the separation of the insoluble fraction If the concentration 
IS suffiaently high a gel results, if not, particles are formed containmg 
the soluble matenal and there is no osmotic pressure of the solution 
as a whole The osmotic pressure as per cent of the value at 37°C 
is plotted m Fig 3 and as a function of the concentration of gelatm 
m Fig 4 The percentage drop m the osmotic pressure is nearly 
constant m this range except for the very low concentrations It wiU 
be noticed that the osmotic pressure mcreases more rapidly than the 
concentration, a result which can be predicted from the viscosity 


220 
<Q0 ^00 
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^ 100 
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i 60 

O 
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20 
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Gm, of gelatin perlOOgmJliO 

Fig 4 Concentration and swelling or osmotic pressure of gelatm at different 
temjieratures 

curves (Kunitz®) and which is due to the fact that a considerable 
quantity of the water is contamed m the particles (This effect will 
be discussed quantitatively m a subsequent paper ) The pressure also 
mcreases with the total concentration even when the gelatm is sohd 
This shows, as stated above, that the system cannot be considered as a 
saturated solution of one substance 

It should be possible, accordmg to these results, to separate gelatin 
mto two fractions a soluble one, havmg high osmotic pressure, low 

* Kumtz, M ,J Gen P/iystol , 1925-26, ix, 715 
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viscosity, and no tendency to gel formation, and an insoluble one, 
having a limited solubihty at low temperatures, a low osmotic pressure, 
and undergoing little or no swelling It might also be expected, smce 
the soluble fraction must be held m the meshes of the insoluble one, 
that isolation oi the former would be much more easily accomplished 
than the separation of the insoluble from its accompanymg soluble 
componenL It was found possible after a number of attempts to 
separate gelatin into two fractions having nearly the properties de 
scribed above This was done by combining the temperature effect 
on the solubility with alcohol precipitation The fractionation was 
earned out as follows 

Prtperahon of InsoluUc Fraciwn 

10 Utere of S per cent Uoclectric gelatin at 35®C and Utera of 95 per cent 
alcohol added, 18 honra at 20*C filtered with folded paper FOtrate - No I 

Precipitate Made up to 8 Utexa with water, heated to 35“C., and 2 litem of 
alcohol added. Cooled to 20®C, and filtered Hltrate rejected 

Precipitate Made up to 8 liters, etc. as above, and repeated 4 times. 

PrcQpitatc Made up to 2 litem with water, heated to 35“C and 1.6 litem of 
alcohol added Cooled to Sff’C Jelly Hke residue settled. Supernatant liquid 
decanted and rejected 

Residue Made up to 2 litem etc. os above, and repeated 5 times. 

Final residue Made up to 2 Utem with water at 35*C., 800 cc alcohol added 
and cooled to KfC Precipitate filtered and dried with alcohol and ether 42 
grp- marked Insoluble fraction. 

PnparaUon of Soluhle Fraction 

Filtrate No 1 24 hours at 0®C. and filtered at 0“C, Filtrate rejected 

Precipitate Made up to 400 cc. with water, heated to 30“C, 400 cc of alcohol 
added and cooled to 20®C Filtered Precipitate rejected. 

FUtratc 18 hours at 0®C Filtered at 0"C Filtrate rejected. 

Precipitate Made np to 200 cc heated to 30*C , and 200 cc of alcohol added. 
No precipitate on cooling to 20*'C Cooled to 0*C 18 bourn Fntcred at 0“C. 
Precipitate dried with alcohol and ether 25 gm. marked "soluble fraction. 

No evidence is at hand to show that either of these fractions is a 
chemical mdmdual and on the contrary there is reason to suppose 
that the insoluble fraction still contains a considerable quantity of the 
soluble smce it still swells, and further purification caused a still further 
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0 2 4 

Days st 15® C 


Fig S Effect of increasing amounts of soluble fraction on swelling of msoluble 
fraction 5 cc HjO, 0 4 gm insoluble + noted amoimts of soluble fraction at 
15°C 



Gm of gelatin pen 100 gniH^O 

Fic 6 Osmotic pressure of \ anous concentrations of gelatin and of tbe soluble 
and insoluble fractions 
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decrease m the osmotic pressme Owing to the difficulty of obtaining 
suffiaent material with which to work, however, the process was 
stopped at this stage 



Fio 7 \Tsccmty of various concentrations of gelatm and of the soluble and 
msoluble fractions 

Comparison of the Properties of (he Two Procltons and of Gelatin 

In accordance with the mechanism of swdhng outlined abo\T it 
would be expected that the msohible fraction should swell very little 
while the soluble fraction should dissolve. Mixtures of the two 
should swell the more the greater the percentage of soluble material 
Fig 5 shows that this is actually the case The swelling of the in 
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soluble fraction itself is probably due to the fact that it still contains 
an appreaable quantity of the soluble matenal, although it could of 
course be assumed that a difierent mechanism was responsible for this 
swelhng 

Figs 6 and 7 show the results of osmotic pressure and viscosity 
measurements The viscosity of the msoluble fraction is much greater 
than that of gelatm while the osmotic pressure is less The osmotic 
pressure of the soluble fraction is greater and the viscosity less, as 
would be expected Smce the msoluble fraction swells less than 
gelatm, it might be expected that the viscosity would be less mstead of 



pH 

Fig 8 E6ect of addition of HCl on the viscosity of 1 per cent solubons of 
soluble and insoluble fracbons at 37°C 

greater It must be remembered, however, that although the mdivid- 
ual particles swell less, the number of particles per gm is greater m 
the msoluble fraction than m gelatm, smce the latter also contams the 
soluble matenal Smce the viscosity, accordmg to Emstem, depends 
on the total volume occupied by the particles, the higher viscosity of 
the msoluble fraction is due to the fact that the mcrease m the number 
of partides capable of swelhng more than makes up for the difference 
m the sn elhng of the mdividual particles As was stated above, the 
form of the osmotic pressure curves can be quantitatively accounted 
for by the absorption of water m the partides Quahtatively it can 
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be predicted that the substance having the lughest viscosity should 
have the greatest curvature in the osmotic pressure-concentration 
curves and, as the figures show, this is the case The marked differ- 
ence m the viscosity of the soluble and insoluble fractions was ascribed 
above to the fact that the msoluble fraction m solution consisted 
largely of particles capable of swellmg, while the soluble fraction did 
not If this is the case, it would be expected that the insoluble free* 
tion should show a marked pH viscosity effect, while the soluble 


ini 


pH 

Fro 9 Effect of addition of HQ on osmotic pressure of 1 per cent solutions of 
soluble and Insoluble fractions at 37®C 


fraction should show httJc or none, since, according to Loch,^ th^ 
Increase m viscosity on addition of acid Is due to the swelling of such 
particles by the Honnan equilibrium set up m them Fig 8 shows 
that this Is the experimental result On the other hand, it would be 
expected that the effect of aad on the osmotic pressure would be about 
the same, since In this case the collodion sac is the particle and is 
evidently present in both cases This expectation is also fulfilled 
as la shown in Fig 9 




172 


SWELLING PRESST7RE OE GELATIN 


The titration curves of the two fractions, and the speed with which 
they are digested by pepsin, do not differ significantly from those of 
ordinary gelatm 

The Ejfect of Temperdture and Sails on the Osmohc Pressure 

It was suggested above that the increase of pressure occurring when 
gelatm solutions or gels are raised from 25° to 37°C was due to the 
solution of the substance fonmng the network and correspondmg to 
the msoluble fraction It would be expected therefore that the tem- 
perature would have a still greater effect on the osmotic pressure of 
the msoluble fraction and a smaller effect on the soluble fraction This 


TABLE II 

Effect of Temperature on Osmotic Pressure of Soluble and Insoluble Fractions 5 

Per Cent Solutions 


Temperature 

1 Pressure in mm Hg 

Soluble fraction 

Insoluble fraction. 

•c 



37 ! 

SO liquid 

10 liquid 

25 ' 

48 “ 

6 7 solid 

20 


5 3 


is the result, as shown in Table 11 The msoluble fraction stiU exerts 
pressure below 25°C which indicates, as stated above, that it stiU 
contams some soluble matenal 

As is well known, strong solutions of some neutral salts hquefy 
gelatm and, as was shown m a precedmg paper,'* also mcrease the os- 
motic pressure The action of these salts on gelatm at 15°C , and the 
effect of raismg the temperature to 37°C are therefore smular except 
that the mcrease of osmotic pressure due to the salt is greater than 
that due to mcreasmg the temperature A solution of gelatm at 37°C 
contains particles capable of swelhng, as is shown by the pH-ioscosity 
effect The osmotic pressure of such a solution could be mcreased m 
tv 0 v a> s 

First, the salt might increase the svelhng of the particles Smee 
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in this process vmter is removed, while the number of particles remains 
the same, the result is an mcrcase in the mot fraction, end a resulUng 
increase in the osmotic pressure Second, the salt might cause these 
particles to break up into smaller ones, thereby increasing the number 
of particles and hence the osmotic pressure On the basis of the first 
assumption it would be expected that the salt should also increase the 
viscosity and further that the effect of temperature, in the presence of 
salt, would not differ very much from that in the absence of salt On 


TABtE m 

cf ScUt on 1 tscosity and Ormoiic Prtssure of JO Per Cent Gelalm 


Onpcratr^tltfa mIL | 

0 

3mN»SCN 

Rdati\T viscosity at J7^ 

19 3 

16 10 

Omk 



OuDOtk p restore, Bg at3rc 

<50 

122 

" « « « * 2s*c 

44 j 

113 

M « « « « 

20 

108 

i * K 3*C j 

20 1 

102 


TABLE IV 

Efftfi of heSCS on the Osnioltc Prtu^ire of S Per Ceni Soluble and Insoluble Frac 
tioru of Gel aim at 37^ C 


Ptution. j 

1 ScU£«. 1 

1 ImMtM. 

Conctntiation of NaSCN imide and oatilde ! 

WM 

1 2k 

n 

2k 

Osmotic pieiaait, mm. Hi | 

El 

1 

D 

35 


the second assumption there would be expected no change or a decrease 
m the viscosity and the temperature effect on the osmotic pressure 
In the presence of salt should be much less than when no salt is present 
The experiments in Table HI show that the latter results arc obtamed 
2 u NaSCN has very little effect on the viscosity of 10 per cent gelatm 
and the osmotic pressure decreases only 8hghtl> m the range from 37® 
to 3®C The optical properties of the solution also bear out this os- 
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sumption, smce a solution of gelatin at 37°C shows a very marked 
T3mdall cone, whereas the same solution m 2 m NaSCN shows only a 
famt cone 

It has already been shown that the effect of temperature is largely 
on the insoluble component and it remams to be seen whether the 
effect of salt is also on this component or on the soluble fraction 
Table IV gives the effect of NaSCN on the osmotic pressure of a 5 
per cent solution of the soluble and msoluble fractions at 37°C It is 
evident that there is a very large mcrease m the osmotic pressure of 
the msoluble fraction and only a small mcrease m that of the soluble 
one The salt therefore afiects the same constituent as does raismg 
the temperature 


DiscxrssiON 

The preceding experiments appear to the writers to furnish a basis 
for a simple and satisfactory picture of the mechanism of the sweUmg 
of isoelectnc gelatin m water and m neutral salt solutions The block 
of gelatm is a network consistmg of threads of a substance msoluble in 
cold water and holdmg m its meshes a solution of a substance soluble 
in water (For the sake of sunphaty only two substances are con- 
sidered, although m reahty there are probably a senes of substances 
whose properties grade from very easily soluble to msoluble ) The 
process of manufacture of gelatm would be expected to lead to the 
formation of just such a senes of compounds, smce it is formed by the 
hydrolysis of an msoluble substance, collagen Such a reaction would 
be expected to produce a senes of spht products rangmg m complexity 
from the ammo-aads up to unchanged collagen In the further proc- 
ess of punfication and washmg, aU substances which can diffuse 
through the network of msoluble matenal are removed while those 
that cannot are held back When the block is immersed m water 
the internal solution exerts osmotic pressure and water is taken m 
until the osmotic pressure is equalized by the elastic force of the net- 
work A slow subsequent sweUmg vnil occur, however, owmg to the 
fatigue of this elastic force A quantitative expression for the kinetics 
of swelhng has been denved on this basis and wiU be discussed m a 
subsequent paper 

Raismg the temperature causes an mcrease m the concentration of 



JOHN H. NORTHROP AND H KUNITZ 


175 


the soluble matenal and hence In the osmotic pressure of the solution 
and at the same time causes a decrease in the amount of msoluble 
material forming the fibers The swelhng, therefore, mcreases very 
rapidly with the temperature until above 35°C the network dissoh'es 
and the block dismtegrates The insoluble matenal, however, still 
exists m the solution m the form of particles capable of swelhng, os 
shown by the pH viscosity effect, and containing a large amount of 
water, as shown by the form of the osmotic pressure-eoncentration 
curves and the viscosity curves The addition of neutral salts to the 
solution acts m the same way as mcreasmg the temperature, except 
that the material forming the network is broken up mto smaller par 
tides • In very high salt concentrations the reverse effect occurs 
and the gelatin eventually predpitates The vanous peculiar hys- 
teresis effects which have been noted m connection with the swelling 
of gelatm are referable to the effect of the conditions on the elastldty 
of the network, and are similar to those observed in any clastic bod> 
Cooling the solution results in the reverse process The partides or 
molecules of the insoluble matenal preapitate in the form of a net 
work — if the concentration is high enough — endosmg the solution 
of the soluble matenaL If the concentration is low, this network 
separates m the form of small dots which still contain nearly all of the 
soluble fraction It seems quite possible that the formation of this 
peculiar structure rather than of an ordmary predpitate is due to the 
presence of the soluble matenal which acts as a protective colloid, and 
that a pure preparation of the msoluble material would form a normal 
preapitate A very similar condition occurs In the solution and 
repurification of casein, addition of Rmall amounts of add or alkali 
to isoelectnc casern results m a normal saturated solution, as Cohn^“ 
has shown Predpitation of such a solution by back titration, how 
ever, gives a milky colloidal solution which may form a gd, so long as 
any of the casern remains in solution When the isoelectnc point is 
reached, where all the casern is Insoluble, a normal preapitate is agam 
formed 

• ITiis Is perfaap* analogous to the preventiDn of agglutination in strong salt 
solutions In the case of bacteria It was found that a marked decrease in the 
cohesive force of the partides was noted in these high salt concentrations. 
Northrop J H. andDeKruif PH. / Gtn Phyiiol 1921-22 Iv 639 
Cohn E J / Gtji PUysioi 1921-22 iv 697 
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This mechanism also accounts for the fact that gelatm and similar 
substances swell only m those solvents in which they are soluble, and 
it predicts that the greater the solubihty the greater the swelling 
The swelhng which occurs dunng the early stages of the action of 
enzymes on gelatm also would be predicted since the hydrolysis in- 
creases the concentration of soluble matenal and hence the osmotic 
pressure The swelhng caused by enzymes is similar to the effect of 
salts or higher temperatures except that it is not reversible 

The alternative hypothesis that the effect of temperature or salts 
IS to increase the hydration of the particles and hence the osmotic 
pressure seems less probable, since it requires that the hydration m- 
crease with mcreasmg temperature Since the hydration of gelatin 
liberates heat this would be contrary to Le Chateher’s prmciple It 
also fails to predict the increased swelhng obtamed on adding the 
soluble fraction to the insoluble, smce the osmotic pressure and vis- 
cosity curves show that the soluble fraction is less hydrated than the 
m soluble 

It IS evident that the structure of gelatin outhned above is quite 
similar to that proposed by Hardy” and now widely accepted, except 
that at least two substances are postulated The whole mechanism 
agrees m detail with the theory clearly presented by Duclaux*^ in 
connection with the swelhng of rubber 

STOCMARY 

1 A method is descnbed for measurmg the swelhng pressure of sohd 
gelatm 

2 It was found that this pressure increases rapidly between 15® 
and 37®C , and that the percentage change is nearly independent of 
the concentration of gelatin 

3 It IS suggested that this pressure is due to the osmotic pressure 
of a soluble constituent of the gelatin held m the network of msoluble 
fibers, and that gelatm probably consists of a mixture of at least two 
substances or groups of substances, one of which is soluble in cold 
water, does not form a gel, and has a low viscosity and a high osmotic 

” Hard\ , W B , Z pliystk Chan , 1900, xxsin, 327 

” Duclaux, J , Bull soc cittm , 1923, wcnu-xrsiv, 36 
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pressure The second is insoluble in cold water, forms a gel in very 
low concentration, and swcUs much less than ordinarj gelatin 

4 Two fractions, having approximately the abo^ e properties, were 
isolated from gelatin by alcohol preapitation at different temperatures 

5 Increasing the temperature and adding neutral salts greatly 
increase the pressure of the insoluble fraction and have httle effect on 
that of the soluble fraction 

6 Adding mcreasing amounts of the soluble fraction to the in 
soluble one results in greater and greater sweBmg 

7 These results are considered as evidence for the idea that the 
swelhng of gelatin m water or salt solutions is an osmotic phenomenon, 
and that gelatin consists of a network of an insoluble substance en- 
closmg a solution of a soluble constituent 




THE EFFECT OF pH ON THE PERMEABILITY OF 
COLLODION MEMBRANES COATED 
WITH PROTEIN 

Bt DAVID I HTTCHCXKrK. 

{From the LahoraiorUs pj The Roch^dler JnstiluUjor Meikal Reswch^ 
{Accepted for publkatkm July 2B, 1926 ) 

In a study of some of the factors affccDng the fonnation of protein 
films on collodion membranes,* it was found that the amoimts of 
protein adhermg to the membranes vaned with the pH m a way 
similar, m the case of gclatm, to the variation of the fluidity of the 
protein solutions with the pH The connection between the vis- 
cosity of gelatin solutions and the swelling of gelatin particles had 
been dearly brought out by I^b * Dr Northrop suggested to the 
writer that it would be of interest to determine whether gelatin and 
other proteins, when deposited as films on collodion membranes, 
would exhibit a nse and fall of swelling m aad or alkali, as do granules 
of gelatin This has been found to be the case 

The membranes were prepared on mercury by the method already 
described,* about 2 hours being allowed for the evaporation of the 
solvents through the cardboard case These membranes were of the 
most permeable of the types studied in the previous eipenmenta 
They were cut into disks 3 81 cm In diameter, and were coated with 
protein by being soaked overnight, at 3(FC , m the protein solutions. 
In each case 3 disks were kept overnight at 30®C m 25 cc, of the solu 
tion contamed m a wide-mouthed SO cc Erlenmeyer flask, and in 
these experiments the flasks were not agitated The disks from each 
were washed 3 times with about 300 cc of water at 30®C The 

* Hitdicock D I / Gf« Pkjnol 1925-26 viii 61 

*I,oeb J Proteins snd the theory of coUoxlal behavior New York and 
I^ondcm 2nd edition 1924 

IT9 
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weights of the disks, with and without protein, were determined 
after drymg overmght at 100°C 

The swelling of the protem on the membranes was studied by 
measurmg the rate of flow, under known pressure, of water and other 
solutions through the protem-coated membranes m the apparatus 
previously used,^ which is similar to that of Bartell and Carpenter ® 
The membrane was bathed on both sides by the solution under 
mvestigation, which was forced through the membrane by a constant 
pressure of mercury The area of membrane exposed to the hqmd 
was circular, its diameter bemg 2 2 cm The rate of flow was meas- 
ured with the aid of a stop-watch and a mm scale, by observmg the 
movement of a memscus m a horizontal tube 0 0760 cm m diameter 
The data were reduced to c g s units and are given m terms of the 
permeabihty, Q, which may be defined as the number of cc of hqmd 
flowmg m 1 second through 1 sq cm of membrane under a pressure of 
1 dyne per sq cm The temperature varied from 19 to 24°C in 
different experiments 

It was found that solutions of HCl or NaOH up to 0 1 m flowed 
through membranes which had not been coated with protem at the 
same rate as water Hence the differences observed with the pro- 
tem-coated membranes are to be ascribed to an effect of the electro- 
lyte on the protem rather than on the collodion 

Each experiment was earned out with a smgle disk of membrane, 
the determmations bemg made m the order of mcreasmg concentra- 
tions of aad or aJkah Smee the different membranes were not all 
alike, the data of the different experiments are not quantitatively 
comparable 

Table I shows the effect of different concentrations of HCl on the 
permeabihty of a membrane which had been soaked m a 4 per cent 
solution of isoelectnc gelatm At the end of the experiment 10 m 
N aCl was forced through the membrane, and this was finally dis- 
placed unth water, vhich brought the permeabihty back nearly to 
the startmg pomt The experiment shows that while the aad solu- 
tions removed very httle gelatm from the membrane, they changed 
the permeabihty m the direction to be expected if the effect of the 
aad were on the swelhng of gelatm particles 

’ Bartell, F E , and Carpenter, DC,/ Phys Chtm , 1923, ixvu, 252 
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^ Table 11 shows a similar ciperimeot with NaOH Detcrmma 
tions were not made m concentrations above 0 1 u because the alkah 
attacked the membranes so that they burst under pressure The 
changes m penneabihty are again opposite m direction to the changes 
in swelling observ cd by Locb 


TABLE I 


^ffect of UCi on Permtohilily of Gtlatm-^oatrd Ifrmbnne 
Untreated membrane, dry weight » 2a 0 mg , ^ - 26 J X 10“^* At end of 
experiment, dry -wdght * 49J mg Control without HCI treatment, 52,0 rag 


HCI, xiAti 

Ptrlt^er 

■ 

Rj 

3X10-* 

on 

3X10^ 

KT* 

3X10^ 

B 

3Xi(r« 


SXIO-* 

1 

e X 10“ 

|4 22 

4 21 


4 

3 68 

2 38 

1 62 

1 33 

1 49 

1 

S 28 

7 95 


TABLE U 

E^cd of NaOE on PemenhUty of Ce/o/»n-Tr«i«f llembrcnt 


NaOH ifwtf per 

n 








hter 

D 


3X10-< 

10^ 



3X10-* 

10-1 

QXICP ! 

m 


2 03 



IQI 

1 08 

1 1 27 


It was found by experiments with HCI and NaOH solutions con 
taming also 0 1 u NaCl that the permeabflity of simflar membranes 
could be altered by pH e\en in the presence of salt Table HI shows 
the results obtained with a gelatm-coatcd membrane whose permca 
bihty was measured m solutions of the glycme-phosphate-acetatc 
buffer described by Northrop and Dc Kruif * These solutions con 
tamed 0 125 ir total electrolyte, the pH values were obtamed with 
the hydrogen electrode after the solutions had been used for the 
permeabihty measurements The experiment shows that even m 
the presence of salt the pH exerts a considerable influence on the 
pcrmcabilit) , the latter bemg greatest m the \ncmity of the isoelec- 
tric pomt of the protem 


Northrop,! H, and De Kruif PH,,! (kn Pkynol 1921-22, rv, 639 
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TABLE ni 

EJJect of Glyctne-Phosphale-Acelale Buffer {0 125 ii) on PermeaMUy of Gelahn- 

Coated Membrane 

Untreated membrane, dry weight = 27 0 mg , Q = 25 7 X 10“^® At end of ex- 
periment, dry weight = 49 6 mg Control without buffer treatment, 48 0 mg 


pH 

3 45 

3 85 

4 16 

4 95 

5 18 

5 SS 

5 97 

6 42 

6 94 

7 41 

i 

QXIO'Q 

1 63 

1 71 

2 27 

2 47 

2 27 

2 14 

|l 86 

1 86 

1 78 

1 74 

1 69 


Meastirements of the permeability of a gelatin-coated membrane 
in several solutions of HCl and H 2 SO 4 showed that the permeabihty 
was decreased less by HjSOt than by HCl when the companson was 
made at equivalent concentrations The changes were of the same 
general nature as those m Table I, but the permeabihty m H 2 SO 4 was 
always somewhat higher than m HCl This result is quahtatively 
m accord with the experiments of Loeb^ on the swellmg of gelatm 
m aads, although the difference between the effects of the two aads 
appears to be less m the case of permeabihty than m the case of 
swelhng Another membrane was tested m a similar way with NaOH 
and Ba(OH )2 Again the result was quahtatively similar to the 
swelhng experiments, the permeabihty bemg always higher m the 
presence of a divalent ion of opposite charge to that of the protem 
In order to determine whether the effects observed were confined 
to gelatm-coated membranes, a few determinations were made of 
the permeabihty m HCl of membranes which had been soaked m 
solutions of egg albumm, edestm, euglobuhn from ox serum, and 
serum albumin from horse serum A smgle disk coated with each 
protem was used for permeabihty measurements m HCl of the con- 
centrations 0 001, 0 01, and 0 1 ii The amounts of adherent protem 
on the membranes used were 28 mg of egg albumm, 4 mg of edestm, 
15 mg of globuhn, and 11 mg of serum albumm In eveiy case 
the permeabihty was lowest m 0 01 m HCl The egg albumm and 
edestm showed only small differences, but in the case of the serum 
protems the effect was larger With serum globuhn the permeabihty 
in 0 01 M HCl was about two-thirds of that m the 0 001 or 0 1 M 
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HCl, Tvbile with serum fllbumin and 001 u HCl the permeability 
was less than half of the value obtained with the other two solutions 

SUiaiARV 

The penncablUty of gelatm^coated collodion membranes, as 
measured by the flow of water or of dilute solutionfl through the 
membranes, has been found to vary with the pH of the solutions 
The permcabflity is greatest near the isoelectric point of the protem, 
with mcrcasmg concentration of either add or alkali It decreases, 
passes through a minimum, and then maeascs These variations 
with pH arc qualitatively m accord with the assumption that they 
are due to swelling of the gdatm in the pores of the membrane, the 
effects of pH being similar to those observed by I^oeb on the swelling 
of gelatin granules Indications have been found of a similar variable 
pcrmcabihty m the case of membranes coated with egg albumm> 
edestin, serum euglobulm, and serum albumin 




TE^IPERATURE CHARACTERISTICS FOR SPEED OF 
MOVEMENT OF THIOBACTERIA * 


By W J CROZIER AKD T I B STIER. 

{Ftvm the tahcntory Gmeral Pkysiolorft Bernard Unx^iity Caniir«fje ) 
(Accepted for publicadon July 8 192d) 

L 

The gliding movements of certain Cyanophycex, ThiobadcriaUs, 
and gregannes proxade relatively vmcompllcated types of comparable 
activities smtable for quantitative observation In spite of much 
discussion little is known as to the mechanism of this sort of progres- 
sion Interpretations have been advanced by a number of writers ‘ 
but data required for formulation of a theory of this sort of mo^-c 
ment have been lacking For the present, we are not concerned so 
much with the mechanics of the movements of OsctUaiorKi, Bc^tatoa, 
and other forms ertepmg in ways apparently similar, but m employing 
the rate of this type of mo\Tmcnt as an mdex of metabolic changes 

For one kmd of Osctllatona it has been shown (Crozier and Fcdenghi, 
1924-25) that the rate of translatory movement, m this instance 
uncomplicated by rotation, obeys the Arrhenius equation for change 
with temperature. The rates of movement at different temperatures 
permit evaluation of the constant E, or fi, in the equation 

where e is the Napierian base, R the gas constant, and T the absolute 
temperature The value of m obtained in the experiments dted was 
9240 

In these observations the light intensity was practically constant 

* Support from the Wilton Research Fund of Harvard University is gratefnUi 
adatowlcdged, 

^ For recent views consult Fechner (1915) Schmid (1918 1923) Prell (1923 a 
and 5) Krcnner (1925) 
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To discover the way in which the magnitude of E might be dependent 
upon hght mtensity, it was desired to know, among other things, the 
relations between speed of movement and temperature m a form 
free from effects due to photosynthetic activity For this reason, m 
part, we turned to the leuco-thiobactena It is found that the 
relation of motihty to temperature m Beggiatoa and Thothnx, as m 
Osallaiona, pomts clearly to the controUing mfluence of chemical 
processes The values of tbe critical mcrements (£, or m) ^ ^a-ct 
agree sufficiently with those repeatedly obtamed for other activities 
of vanous organisms, and specifically for catalyzed respiratory 
o-adations (cf Crozier, 1924-25) The value of E denved for speed of 
movement m Beggiatoa thus emphasizes the fact that the magnitude 
obtained with Osallaiona (Crozier and Fedenghi, 1924-25) does not 
accord with any commonly encountered (Crozier, 1925-26, 6) m connec- 
tion with biological processes adequately studied The mvestigation 
of the relation between E and hght mtensity is therefore expected to 
yield mterestmg suggestions as to the significance of the critical mcre- 
ment for movement m the case of Osallaiona This will be discussed 
m a subsequent paper In the meantime, it may be pomted out that 
the movement of Beggiatoa appears to be governed by chemical 
processes similar to those revealed m a number of other vital activities, 
the details of the relationship between speed of translatory movement 
and temperature show certam features of general mterest for this 
method of analysis 

n 

The organisms employed for the measurements were kept m shallow 
culture dishes contammg the usual vanety of forms occurrmg m 
brackish water putrefactive sulfureta (c/ Bavendamm, 1924, Baas- 
BecLmg, 1925) Two speaes, identified as correspondmg to Beg- 
gtaioa alba and to a speaes of Thioihnx {T teimis ?), were taken 
for study from particular spots m one culture Thm smears were 
mounted betn^een two cover glasses, the lower one small enough to 
be placed withm the glass nng of a van Tieghem cell The cell was 
sealed vrth paraffin or chicle, and had m it a small volume of the cul- 
ture liquid The seahng was necessary to prevent dilution when the 
preparation was submerged in a thermostat, access of tap water 
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caused cessation of progression movements The cell was mounted 
in a mechanical stage on the platform of a miaoscope so adjusted as to 
have the preparation submerge^ to a depth of 10 cnu in a water 
thennostat The mechanical stage and the fine adjustment of the 
miaoscope were controlled by suitable attachments projecting above 
the uatcr lc\'el With good Btinmg no difficulty was cipencnced 
in maintoming desired temperatures Light from a housed tungsten 
bulb was reflected from a mirror beneath the miaoscope Variations 
in hght intensity were apparently without effect on the mo\'ements of 
the sulfur bacteria, but for practically all of the measurements the 
light was of approximatelv 30 m c intensity Within periods of 6 
hours or longer, even up to 24 hours, no progressive changes in speed 
of movement were detected Hence the sealed atmosphere m the 
observation cell produced no special effect. 

The measurements were made of the longitudmal progression of 
straight filaments and so far as could be determined m the absence of 
mechamcal impedance With a 5 mm obJecti\^ and 7,5 X ocular, 
ten divisions of the ocular micrometer used corresponded to 0 05 mm 
The time required for each filament to traverse this distance was 
taken with a stop-watch a number of readmgs being secured at each 
temperature With each preparation used, precautions were taken, 
through time records and by re\’er5mg the sequence of temperature 
changes, to msurc the absence of irrei'ersible thermal effects 

HL 

According to the current understanding of the mechanism of 
movement m OsnUaforia the longitudinal membrane (Hinse 1902) 
of a filament is pierced bj pores, through which a carbohydrate mucus 
is extruded (Fechner, 1915, Schmid 1918, 1923, PreU 1921 a Kren- 
ner, 1925 Ruhland and Hoffmann, 1925) This would account for the 
phenomena which gave nsc to the older conception of “extracellular 
protoplasmic streammg* Another view regards the movement as 
due to “modifications of surface tension, ^ perhaps caused by osmotic 
processes (Coupin 1923) though suggcstu'c, no particularly relc\'ant 
evidence supports this idea, Kxenner (1925) found the speed of 
translatory mo\'cment of Osalhtona to \’ar> inversely with the 
diameter of the speaes and that the osmotic pressure of the proto- 
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plasts IS higher in the narrow forms (measured by plasmolytic shrink- 
age method) Krenner therefore supposes that the specific speed of 
motion is determmed by the turgor For Oscillatona and its relatives 
it IS known that m general the stouter forms are the more slowly 
moving On this basis, one might rather expect the specific speed to 
be determmed by some relationship of surface to bulk But among the 
sulfur bactena we find that with forms occurring side by side m the 
same culture, the larger speaes move more quickly, — for two forms, 
m about the ratio of 1 to 1 5, at the same temperature, when the 
filament diameters are m the ratio 3 22 1 

We are by no means dear as to the meanmg of the optical evidence 
for “extracellular protoplasrmc streammg” {cf also Crozier and 
Fedenghi, 1924-25, and Krenner, 1925), nor as to the homology of the 
superfiaal shme-covermg m Beggiatoa imrabths (Hmze, 1902, Ruhland 
and Hoffmann, 1925), which we have also observed, with surface 
structures m the forms we have employed for measurements of speed 
of movement 

Accordmg to Schmid (1923), who studied fragmented filaments, all 
parts of a filament of Osctllatona are motile PreU (1921a, b,) found 
that the cells of a filament “cooperate,” although there seems to be no 
conduction of stimuh from one part of a filament to another This 
agrees vuth the observation (Crozier and Fedenghi, 1924-25) that the 
speed of movement does not vary with the length of the filament 
Mr E S Castle has made sumlar observations on Anabxna It has 
been noticed, however, that very small groups of cells do not move 
(Elrenner, 1925) In Beggiatoa very short fragments, even compnsmg 
but three to five cells, do move, but only for very short distances, the 
the frequency of reversal m direction is very high It is to be noted, 
as beanng upon unity of action m long filaments, that there is fre- 
quently apparent a failure of the parts of a filament to cooperate 
With ver}’^ long filaments (2 mm ), the two tenmnal regions may be 
movmg m opposite duections, or a hook bend at one end may be 
mo\ ed forward bodily, m such fashion as to mdicate that the bent tip 
region is not at aU contnbutmg to the movement Similar cases occur 
m which reversal of (Erection of movement is not synchronous over the 
whole filament ((/ also Keil, 1912) Aside from their beanng upon 
the mechanism of movement, these pomts are of practical moment for 
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the measurement of speeds of progression under comparable 
conditions 

The speed of movement declines as the culture contammg the thio- 
bacteria ages and the cells of the organisms become vacuolated 
Dimng the most active penod of growth the ^jeed of translatoiy 
moi*emcnt is quite suffiaently uniform to permit significant measure 
ments The speed is independent of the length of the filament 
Successive estimations uith a single filament show satisfactory con 
stancj , as may be illustrated by several sets of readmgs 


FtUmoit, 


A 


TotfKTttm. 

I 


TThm to 10 Tpfa a d^H r 


•c 

10 2 


Si 6 

38 6 

39 8 
39 0 
« 8 


B 


23 8 
22 2 

21 S 

22 2 


C 


19 3 


14 4 
17 6 

17 2 

18 0 


It could not be shown that these shght vanatlcms arc related to the 
madence of reversals of direction 

The latitude of variation in such senes docs not significantly differ 
from that m senes obtained from a number of different filaments. 
This was tested suffiaently to ensure the possibility of employing 
averages based upon measurements with a nnmber of filaments. It is 
practically impossible, however desirable to obtain readings over a 
range of temperatures from single filaments There is indication of 
fluctuating iTuiation m speed of movement not correlated with tune 
of day, in which the penod is rather long This is m part responsible 
for the scatter of the plotted means (Fig 1) The probable error of 
the plotted means is less than 5 per cent of the corresponding means 
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(usually less than 4 per cent) For purposes of the present account 
we have employed data from filaments m one culture, between Jan- 
uary 14 and January 28, 1926 Throughout this penod no systematic 
changes m speed of movement were detected The number of ob- 
servations was 431 

rv 


The results are plotted m Fig 1 Contrary to the case of Oscilla- 
ioTia (Crozier and Fedenghi, 1924-25), the motion of Beggiatoa ex- 



FtG 1 Speed of gliding motion of Beggtaioa as function of temperature The 
circles give positions of average speeds in senes of readings, the vertical lines ex- 
tendmg from them cover the latitude of variation m each senes The rate is 
taken as 100/ tune to travel 10 micrometer divisions (0 05 mm ) 

hibjts a sharp change m the relation to temperature at about 16 5° 
The fines providmg a satisfactory fit to the two portions of the log 
speed-1 /r° ai>s graph have slopes respectively, yieldmg — 8,400 
and /u — 16,100 as temperature charactenstics 
It may be suggested that the data are equally well fitted by a smgle 
unbroken curv'e To this there is definitely opposed the fact that m 
such a case the slopes of the fitted straight lines could not very well be 
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expected to agree mth those found an numerous cases Trhere a single 
rectflinear relationship holds over the whole of the temperature scale 
The nnpossibihty of descnbmg such senes of observations by means of 
a sm^ smooth curve os adequately shown by plotting raia against 
centigrade temperatures, the pomts fall upon two sharply intersecting 
curves And there is also to be emphasized the fact that the tempera 
ture at which intersection of the proposed straight lines is located, as 
determined solely by the distributions of the relevant pomts, agrees so 
closely with one at which such irregulantj is cotnmonlj or very fre- 



Fio. 2 Speed of movement m Thioiknx aa rekted to temperature Tbe point* 
arc averages of 6 to 8 meaiurementa each 

quently manifest m other vital processes (Crozier, 1925-26, b) Addi 
Uonal considerations justifymg this procedure are discussed in another 
place (Crozier and Stier, 1926-27) Less extensive observations 
on the movement of Tktoikrtx provide data for the graph in Rg 2 
The temperature characteristic, fi *« 8,300, agrees well with that for 
the corresponding temperature range with Beggiaiaa * 

* As with 0«tfla/cr«, question slso snses here as to the character and median 
fcsm of revenal in dlrtcdon of movement- According to Conpm (1923) OscSlalma 
filaments, on Knop medram to ^bich gelose had been added, shorr do regular 
penodidty !n the rcvmal of movement but it a necessary to constant 

condidons of light end temperature before the matter can be tested It is dear 


A 
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In addition to the occurrence of a cntical “break” at 16°, the tem- 
peratures 5 3° and 33° were estabhshed at pomts at which progressive 
slowing of movement with time becomes evident, at 33° or above 
“jerky” side to side movement is evident, with little forward motion 
The “break” at 16° is made obvious m another way The latitude 
of vanation at temperatures below 16° is defimtely less than at higher 
temperatures For some time it has been desired to find mstances m 
which it rmght be possible to discover if the latitude of vanation is a 
property of the organism or tissue as a whole, or of the process whose 
cntical mcrement is bemg measured It is clear, we beheve, that m 
general, and dependmg on the nature of the activity considered, both 
these types of vanation must be recognized as possible In many 
mstances it has appeared that the latitude of vanation may change 
without affectmg the temperature characteristic (e g , Crozier and Stier, 
1925-26, 1926-27), on the other hand, the latitude may be sensibly 
constant when the mcrement changes The present case is one m 
w'hich there is apparent alteration of the latitude accompanymg a 
change of mcrement > 

V 

SUMMARY 

The speed of translatory movement of Beggiat^a alba is governed 
by temperature m such a way that between 5° and 33° the tempera- 
ture charactenstics n = 16,100 and n = 8,400 respectively obtam for 
the temperature ranges 5° to 16 5° and 16 5° to 33° The “break” 
at 16°-17° IS emphasized by the occurrence of a wider latitude of 
vanation m speed above this temperature Above 16° the progres- 
sion of Thtoihrix yields n = 8,300 The possible relation of these 
\alues to that previously obtamed for similar movement m (photo- 
sjmthetic) Oscillaioria is commented upon 


that the frequency of reversal is related to the length of the filament, bemg greater 
V ith short filaments, and certamly it mcreases with elevation of temperature 
Ile%ersal is more frequent m B alba than m Tlnolhnx, under the same conditions 
In forms we have observed the frequency of reversal has a higher temperature 
coefficient than the speed of translation 

’ This ma% also be the case with the locomotion of Paraiiieanm (Glaser, 1925- 
26) 
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STEREOTROPISM IN RATS AND MICE 

By W J CROZIER ai® G PINCUS. 

{From ih^ Laboratory of GertoraJ Physiologyt ffarvard Umveniiy, Cambridge ) 
(Accepted for pabllcaboiit Jtdy 8, 1916 ) 

I. 

With diplopods (Cnwaer and Moore, 1922-23) and with larvrc of 
Tcitcbno (CroxieT, 1923-24, a, i) it has been shown that posterior 
unilateral contact of the creeping animal with the edge of a thick glass 
plate forces the head to turn In the direction of contact Contact 
with two lateral surfaces of equal extent prevents stereotropic bendmg, 
and the animal proceeds in a straight path It was also found, es- 
pecially with Tenebno larva, that stereotropic onentation due to 
unilateral contact, particularly at the anterior end, persists bnefly 
after cessation of the contact, and that unequal bilateral contacts 
lead to onentation through an angle roughly proportional to the 
difference m areas of contact 

These obserrations can be repeated with a vanety of forms, land 
isopods among others, and show the purely tropistic diaracter of such 
onentations dunng creepmg The present eipcnments are concerned 
with rats and mice In aU essential details the results dupheate those 
obtamed with arthropods Their special mterest hes in the fact that 
they demonstrate the occurrence of simple tropIsUc behavior in mam 
mals. The effects of memory images (Loch 1918), and of the great 
enrichment of sensory fields and their central projections (Parker, 
1922), enormously increase the number of possible responses which 
higher vertebrates may exhibit, and prediction of the course of move 
ments 15 correspondingly restricted In order to observe tropistic 
»nduct in a mammal It is necessary to deal with a type of response 
which dommates the animars conduct so strongly as to exdude the 
influence of stimulations not directly connected with this particular 
aspect of behavior The stereotropism of j oung rats and mice fulfill* 
this condition 
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The behavior of the young opossum at birth appears to give an m- 
stance of geotropism After bemg hcked free of blood and embryonic 
membranes, they dimb “hand over hand” from the genital openmg 
to the pouch (a distance of about three mches), and attach themselves 
to the teats (Hartman, 1920) “If the skm be tilted, the embryos 
can be made to travel upward and even away from the pouch for they 
are negatively geotropic ” The postural reflexes of the decerebrated 
rabbit (Magnus, 1915-16) mdude responses which may be tahen to 
have a basis m stereotropism If placed on the ground with the body 
in an asymmetnc position, the head moves to the normal symmetncal 
onentation even m the absence of otic labynnths This is prevented 
if a board is placed upon the annual lymg m an asymmetncal position, 
when asymmetnc contact-stimulation is equalized, the animal retams 
an abnormal position 

Accounts of the behavior of rats and mice (e g Vmcent, 1911-12) 
contam a number of observations suggestmg stereotropic guidance ^ 
We desired to see if tropistic conduct could not be demonstrated more 
clearly This is best accomphshed by determmmg if, as m the case 
of mvertebrates, stereotropic onentation dunng creepmg might not 
obey the law of the composition of forces In this event equal bi- 
lateral contacts should obhterate tummg toward a source of contact 
To rule out effects of vision and of the tactile r61e of vibnssae, we have 
used animals lackmg eyes or vibnssae It is neater, m so domg, to 
avoid expenmental mutilation by employmg mdividuals “operated 
upon” through the agency of a genetic factor, such as results in blmd- 
ness This we have been able to do 

n 

The animals used were young rats {Rattus norvegwus) and rmce 
{Mus miisciilus) aged 9 to 20 days The rats were albmos and dark- 
eyed young from a backcross of the King mbred albmos to hooded 
rats sired by Kmg mbred males The rmce were all dark-eyed 

^ atson (1914, p 424) seems to express a view generally held, that “the so- 
called ‘stereotropism’ vhich such animals exhibit is probably no more a case of 
stereotropism than is the action of a bhnd man m keepmg near a wall or the edge 
of the side walk ’’ On the precedmg page, moreover, he considers it “strange” 
that when wbnssa: are remo\ed from the right side, the rat keeps dose to the 
left side of the path m a maze Cf also Przibram (1913, p 99) 
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The eyes of >oung mice and rats arc opened 10 to 14 dfl>'S after 
birth At first, only animals with unopened eves were used, but it 
was soon found that young animals with opened eyes gave substan 
tially the same results Tests with rats were for the most part made 
m a dark room, under red hght of low intcnsit) , at 2J-25®C Eipen 
ments with mice were made at about the same temperature, but not 
in a dark room Temperatures as low as 15° greatly reduce activity 



Fio 1 Fro 1 

Fio 1 Stercotroplc orienUtioa of young rat or mouse at the comer of a box 
along out aide of which ft btj been creeping 

Fio 2 A young rat or mouse has been creeping In contact with the side of a 
box (dashed outline) the remoival of the box roults in partial orientation toward 
that tide 

Typical stcreotioplc behavior is observed m animals creeping or 
walking at a fairly rapid rate During sbw progression there is more 
opportumty for the lurching gait to mduce movements which, while 
m the mam of stercotropic origm, nevertheless Interfere with diagram 
matic orientatiom 

Contact with a vertical surface during creeping results in its being 
followed closely, and at the end of the surface bendmg is ini'oriably 
seen toward the contact side Depending upon the rate of creeping, 
the animal cither proceeds at an angle with the path while m contact, 
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or if the progression has been slow, it may turn and continue to mam- 
tain contact Fig 1 shows the path taken after contact with the side 
of a box, and at its comer If the box is suddenly removed while the 
animal is creepmg, there is always a swervmg toward the side where 
the box was located (Fig 2) Strokmg one side causes tummg m that 
direction These results are exactly sumlar to those gotten with 
arthropods 



Fig 3 A young rat or mouse creepmg m a passage-way between two boxes, 
just wide enough to permit gentle contact on either side dunng the animal’s 
swajTng progression, is found to emerge from the passage-way without onentation 
Equivalent bilateral stimulations prevent stereotropic tummg 

“When the vibnssae have been recently cut away the creepmg move- 
ments are slower and more uncertain, yet the stereotropic responses 
contmue, several days later the uncertainty of the creepmg is lost, 
but the animal contmues to move with head held close to the floor 
Removal of the tail has even less effect Removal of both tail and 
%ubnssae does not matenally interfere The surface of the body and 
legs IS thus suffiaent to control stereotropism 

in 

A young rat or mouse creeping between two boxes so placed as to 
gi\ e equal contact on either side typically emerges from the alley-way 
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in a perfectly straight coarse (Fig 3) The bulging of the body at the 
level of the hmd legs, coupled with the lurching gait, Bometunes causes 
quite unequal contacts on the two sides, and this results in modlfica 
tiou of the path on emergence If one box is advanced beyond the 
other, the animal frequently em erges at an angle toward the extended 



Fio 4 a Contact at one side with the comer of a box may lead to onentatioii 
toward that side, apparently duo, in part at least to more intense tactile excitation 
than fa provided by a continuous fiat surface (or bv smoothly rounded cornea, see 
Fig 5) 

b When such a comer fa passed, onentatkm pcisfats toward a condnaing con 
tact on the opposite sidc- 

ade This angle decreases with increase of the excess contact rone 
on that side If one surface extends more than the length of the body 
beyond the comer of the opposed box, the mouse or rat emerges at a 
very acute angle and then orients so as to round the corner agamst 
the surface of the more extended box (Fig 4) This is not exactly the 
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resiilt obtained with arthropods and other forms, which emerge at an 
angle toward the side of more extensive contact But further tests 
show that this at-first-sight anomalous result is due to the relatively 
excessive tactile stimulation pro^aded by the sharp comers of the wood- 
en boxes used m such expenments The same outcome is generally 
observed if thick blocks of paraffin are used mstead, provided they have 




Fig 5 Fig 6 

Fig 5 \Vlien blocks providing lateral contacts are of unequal extent, the young 
rat or mouse orients toward the side of more extensive contacts, but does not 
completely turn the comer unless the difference m extent of the two blocks is 
more than half the length of the animal This, the expected result from a tropistic 
standpomt, is obtamed when the comers of the contact blocks are smoothly 
rounded 

Fig 6 An mdividual emergmg from equal bilateral contacts with two boxes 
(r/ Fig 3) proceeds m a straight path, wnthout onentation, but if one of the boxes 
be removed (dashed outhne), it promptly onents toward the remammg one 

sharp comers But if the comers be smoothly rounded, the result of 
such tests IS entirely consonant wath the mterpretation that stereotro- 
pic onentation dunng creepmg vanes m amphtude accordmg to the 
difference m the excitations on the two sides (Fig 5) K one of two 
opposed boxes proxudmg bilateral contact at emergence be suddenly 
remoxed, the animal onents toward the remammg surface (Fig 6) 
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These expenments were repeated many times, xtith particular effort 
to obviate an> persistent tendency of single mdividuals to nght or 
left hand turning 

Dunng aeepmg m contact with a single vertical surface, the young 
rat or mouse, e^aally if moving very slowly, occasionally reverses 
direction Observation shows that this occurs when the opposite 
side makes contact with the floor, as the animal falls into the “corner^* 
between the floor and box, this is similar to the rotation of the body 
on its long axis obscr\ed with mvertebrates creepmg in the angle 
between a vertical and a horizontal surface As a rule, the area of 
contact is then greater on the side toward the box, and onentation 
in this direction results m reversal of the path 

rv 

These responses have also been obtained with adult mice and rats, 
but visual and other sources of stimulation frequently make them 
much less precise 

Mice blmd through hereditary defect characterized by absence of 
visual cells m the retina were very kmdly loaned to us by Dr Clyde 
Keeler of the Bussey Institution {cf Keeler, 1926) The locomotion 
of these adult mice is much more direct than in the case of the very 
young mdividuals, and the typical stercotropic responses were obtain- 
able with great certamty and clearness 

V 

The reactions we have described as typical are of course not ex 
bibitcd with diagrammatic clearness at every tnaL The more wgnifi 
cant sorts of deviation, however, are themselves stercotropic m 
origin 

The stercotropism of rats and nuce as observed in these experiments 
was always positive Movement away from a contact surface is 
occasionally seen with the younger animals, but it is easily shown that 
this IS an accidental consequence of the method of creeping The leg 
muscles are not yet well develojjcd and the legs are di^roportionatcly 
long the body is kept fairly dose to the ground and the legs arc ad 
vanced m a wa> which cause the rather unsteady creepmg act to be a 
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succession of pronounced lurches An occasional lunge removes the 
animal from a vertical contact surface, and if aU contact has been 
lost it may creep away from it, usually, however, the residual effect 
of the contact surface is sufficient to cause reonentation toward it 
In case complete separation from the vertical surface has not been 
follow ed by reonentation and return, test by contact with a new sur- 
face always show's that the annual is still positively stereotropic 

The sw'a3ang mode of progression may cause a young rat emergmg 
from bilateral contacts to move toward one side Thus m one senes 
of tnals, with five rats aged 20 days, each animal passed eight times 
between two vertical contact surfaces of equal extent, m another 
senes eleven rats aged 12 to 14 days each passed five times through 
equal vertical contact xones, m thirty-one of the first forty tests, and 
m forty-four of the second lot of fifty-five tests, emergence was m a 
straight fine, m the cases of deviation toward one side, it was seen that 
the divergence was due to a lungmg m that direction rather than to 
an act of onentation 

When the animal moves at a fauly rapid rate the unilateral effects 
of lurchmg movements are more or less equalized With older mdi- 
^'lduals the stronger legs make for a straighter course and the mfluence 
of lurching motion almost completely disappears Thus animals 
about 25 days old show extremely regular reactions, as do the adult 
bhnd mice 

The chief sources of apparent irregulanty m the stereotropic 
responses is foimd to he m chance contacts of tail and espeaally of 
MbnssiE with the boxes employed to give contact surfaces These 
vanations are reduced by removal of vibnssEe and tail, but the slow- 
ness and uncertamty of progression subsequent to these operations 
mtroduce other comphcations and prevent prease measurement of the 
relation of unequal contact on the two sides to the angle of onentation 

VI 

SUMMARY 

T\'pical stereotropic onentation toward a lateral surface of contact is 
obtained m xoung rats and mice, and wnth adult mice congenitally 
blind Remoi al of I'lbnssai or tail or both does not essentially affect 
this response 
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Equal contact on both sides of the body prevents orientation toward 
dtber source of contact Unequal contact areas on the two sides 
leads to oncntation toward the more extensive contact 
This behavior very exactly parallels the stereo tropic conduct of 
arthropods, and thus provides a fairly complete instance of a tropism 
fn mammals 
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1 Statement of Problem 

The fascinaUng changes in the \^oaty of development, as ^eU as 
in proportion of parts, that the growing child shows have long been 
watched with mtcrest by parents but have only latel> been made the 
subject of sacntific analysis Quetclet (1870) was perhaps the first 
to measure children at each year of age, but his subjects were few 
in number (ten to each year), strictly, but not always wisely, selected. 
Then came the measurements of great numbers of school children by 
Bowditch (1875) in Boston This work was followed by a host of 
similar investigations whose results are summarized by Baldwm 
(1921) and in my 1926 paper 

The first attempt to interpret the course of human development 
on a chemical basis was made m the some year by W Ostwald and 
by T Brailsford Robertson, the latter of whom has published a re- 
markable senes of papers since 1908 Robertson early concluded that 
there arc three maxima in the curve of growth of man, one mtrauter- 
me, a second that reaches its greatest velocity at about the 6th year, 
and a third which, m the male, occurs at about the 16th year This 
view of a tnple set of growth (ydcs is still adhered to by Robertson 
who discusses them fully in his book Chemical basis of growth and 
senescence (1923) and later papers Robertson^s conclusions have 
been largely based on the data published by Quetclet, and this selec- 
tion has not been altogether fortunate Brody has extended Robert 
son^s methods of amlyzing the growth curve, but recently (192^ 
he has found the human growth curve to be of a different order from 
the growth curve of other mammals and he has been led to abandon, 
for the present, attempts at its inteiprctation In view of the un 
205 
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satisfactory condition of tiie analysis of the human growth curve it 
has seemed desirable to reattempt it, usmg the best available data 
This is the excuse for the present paper 

2 Methods and Material 

The curve of development of weight from conception to matunty 
(Fig 1) IS based on data drawn from various sources For the an- 
tenatal portion the data of Streeter (1920) have been utilized For 
postnatal weights, up to 6 years, the data of Woodbury (1921) have 





Fig 1 Analj'sis of the developmental curve of body -weight (full hne) mto 
tv o auto-catalytic curves (dotted hne at top and bottom) and a residual curve 
(dotted Ime m the middle) Human Nordic stock, males The autocatalytic 
and residual curv'es drawn m free-hand Abscissa;, time m years, ordmates, body 
weight m kilos 

been used For later years vanous sources, chiefly Nordic males 
as given m Table B of my Human metamorphosis (1926), were used 
For annual mcrements m weight (Fig 2) the same sources have 
been used, together -with my Table D (1926) for Nordic males 

The dotted curves of Fig 1 were put m free-hand to mdicate the 
location of possible autocatalytic curves The dotted curves of Fig 2 
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were drawn after careful computations, as descnbed below All 
statistical work was checked 

The curves are plotted on arithmetical paper, mstead of loganth- 
mic paper as is frequently done The justification for the latter prac- 
tise IS foimd m the theoretical conception, clearly expressed by Mmot 
(1891) “The mcrease of weight depends upon the amount 

of body substance or, m other words, of growmg material present at a 
given time As I pomted out many years ago (1897)' not all the body 
substance is “growing substance ” During early development much 
water is imbibed which adds to the weight of the body, and although 
it may accelerate growth is not itself “growmg matenal ” During 
later development “body substance” is bemg laid down as formed 
substance that has primarily a mechamcal or sustentative fimction 
and is not growmg matenal Indeed, a consideration of the complex 
processes of growth leads to the conclusion that to plot growth on 
loganthmic paper leads to just as great a distortion of the facts as to 
plot it on anthmetical paper Smce the latter method of plottmg has 
the ment of sunphaty, I am adopting it m this paper and suggest its 
uniform adoption until the advantages of some other method of 
plotting growth curves shah, have been demonstrated 

3 RESULTS 

The anthmetical curve of growth, as plotted m Fig 1, begms near 
0 kilos at the time of fertdization of the egg It mcreases slowly at 
first, then with ever acceleratmg veloaty, until at birth it is shootmg 
upward at its steepest angle Alter birth the angle of slope gradually 
dimimshes to the age of 2 or 3 years It runs upward at a tolerably 
uniform rate untd 7 or 8 years of age, then begins to nse more rapidly 
agam, reaches a second maximum of slope at 14 or 15 years and then 
gradually approaches the horizontal 

If one contemplates this curve of growth one is struck by the re- 
semblance of Its two ends to the autocatalytic curve, to whose im- 
portance for growth Robertson has so forcefully called the attention 
of biologists I have drawn m, free-hand by dotted fines, such approx- 
imate autocatalytic curves But the growth curve, as a whole, is very 


1 Davenport (.1897), pp 82 and 83 
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far from being merely one, two, or three autocatalytic curves The 
analysis of the curve may be mode more readfly if we transform it 
mto a curve of growth veloaties, and this is done in Fig 2, which also 
IS drawn on the anthmetical scale. The curve thus drawn is an in 
strucU\x one. Startmg at the zero base line the veloaty of increments 
m weight rises, at first slowly, them more and more quickly, to a 
striking peak which corresponds with the moment of birth At this 
tunc the child is mcreasing at the rate of 12 kiloa per annum The 
absolute veloaty of growth at this penod is greater than at any other 
time during life. 

After birth the veloaty of growth proceeds to dimmish just as 
rapidly as it had mcreased before birth. This leaves out of account 
the cessation of growth that is well known to occur durmg the 2 or 3 
days after birth, since to consider it would unnecessarily complicate 
the mam result The curve of veloaty of growth in weight runs 
nearly on a level from 3 ^ to 6i years It then rises very gradually 
for a year or two, remains constant from 8J to about 10 years, and 
then proceeds to climb up to a second peak which it reaches at IS 
years (m the male), at which time there is an annual growth merement 
of about 5 75 kilos per annum After this peak Is reached the veloaty 
of growth diminishes to 20 years and then continues at on annual rate 
of slightly less than 0.5 kilos to middle life. The curve does not reach 
zero, on the average, because the population of adult males m the 
Umted States gains about 1 pound a year from 22 to 26 years and \ 
pound thereafter until about 45 years and about I pound from then 
until 55 years of age. 

Our velocity curve brmgs out clearly the fact that growth is not one 
autocatalytic process. It suggests the hypothesis that there are two 
autocatalytic cycles, one that we may call the drcumnatal and the 
other the adolescent. The orcumnatal cycle begins at fertilization of 
the egg, reaches a maximum at birth and probably ends at between 
2 and 3 years An attempt to fit a theoretic curve to this cycle has 
been made The best fit is given by a skew curve of Pearson's (1895) 
Type I Its formula fs 

/ * 
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This curve is plotted by a dotted line in Fig 2 Its standard devia- 
tion IS only 517 months The yo value is 854 9 gm per month or 
10 259 kilos per year This falls short of the empincal value of 12 
kilos per annum partly because smoothed values were used m com- 
putmg the theoretical curve The modal veloaty of 12 kilos at birth 
IS based on Zangemeister’s data (1911), which are at least conservative 
m respect to velocity of growth at birth 

The orcumnatal curve of veloaty is, as stated, a skew curve of 
Pearson's Type I The mdex of skewness is 0 31 In the formula 
given above the denormnator of the fraction m the second factor gives 
the range m months of that part of the curve that lies between birth 
and conception It is 5 22 months The denormnator of the fraction 
in the third factor gives the range in months of that part of the curve 
that hes between birth and the end of the orcumnatal growth spurt, 
amounting to 38 88 months The theoretical range to the left of the 
mode is thus only 5 2 months, while, actually, development begins 
at 9 months before birth However, at the end of the 6th month 
before birth mcrements in weight are only just becormng considerable 
(10 gm monthly) so that the calculated curve agrees here fairly well 
with the observed curve The other end of the curve is at about 39 
months, at which age the observed curve of inaements has nearly 
reached the bottom of its first peak Thus the theoretical and ob- 
served curves are in close agreement 

The adolescent spurt is probably measured by a normal frequency 
polygon, whose mode at 15 years m the male corresponds with that 
of the total inaement curve It seems to start at about the 10th 
birthday and ceases at the 20th The adolescent episode of growth 
thus extends over 10 years or from 10 to 13 per cent of the full span 
of life 

The theoretical normal curve that most clearly accords with the 
observed adolescent curve is shown at the nght of Fig 2 m the dotted 
hne There is assumed a substratum of generalized growth which, 
after 12 years of age, gradually declmes from 1 9 kilos per annum to 
0 5 lulos The theoretical curve is drawn in accordance with the 
formula 



where n = 19,000 kilo-years, o- = 1 70 years, and yo — ^^7 kilos 
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After subtracting the t^o speaal curv cs from the general curve of 
increments there remams arcsidual curve This begins at somcf^here 
about 9 months after birth, rises to the level of the total curve, and 
onnadcs with it during the period from 3 to 10 years That the resld 
ual curve does not start at conception would not justify the conclusion 
that there is no basal growth occumng, independent of the arcum 
natal spurt, but mdicates only that the drcumnatal spurt is of such 
high \eloaty and that of basal growth is of such low veloaty that the 
latter is quite obscured by the former From 3j to 6 years growth 
IS apparently entirely residual and it is very steady and constant, 
at about 1 85 kilos per aimum There is a shght rise durmg the 7th 
year of hfe to a new constant veloaty of growth of 2 4 kilos per annum 
This rate of growth continues until 11^ years is reached at which 
time the adolescent spurt has already started The basal mcrement 
now diminishes rapidly as the adolescent spurt speeds up It remains 
at about the 1 225 kilo level of annual increment from 13 5 to 17 5 
years of age and then falls away to the constant rate of 0 45 kilos per 
year which is reached at 19 years Statistics gathered by insurance 
companies (Medical Actuarial Mortahty Investigation (1912)) indi 
cate that weight increases, m the male of average stature, about 
1 pound a year from 20 to 26 years and then about J pound yearly 
to 45, as stated above, 

4 DISCUSSION 

The early optimism as to the possibility of resolving the total 
growth curve of man into three “growth cycles” superimposed upon 
one another (Robertson (1923)*) has given way to the recognition of 
the great complexity of this growth curve Thus Brody (1926)* states 
that “the smoothed time curve of growth in weight [presumably of 
mammals, m general] is sigmoid, but the pomt of inflection, or rather 
region of inflection, is not m its center but where slightly over one-third 
of the mature weight is reached The growth curve of man is the only 
exception encountered ” Now our data show two points of Inflection 
that clearly ^proximate the logistic curve. One occurs at birth 
and one at 15 years, m the male. Our data do not reveal the S-shaped 

* Robertson (1923) p 446, 

• Brody (1926) p 235 
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curve at “the third, fourth and fifth years" which Robertson finds 
(1923)^, and we fail to find in Robertson’s or Brody’s papers any 
suffiaent evidence of this third or “juvenile" cycle (Compare my 
discussion of this matter (1926) ‘) 

What do the facts, as revealed m the curve of veloaty (Fig 2), 
show clearly? Besides the arcumnatal and adolescent growth cycles 
there is a mass of growth of irregular velocity from 2 to 10| years, 
m the male, which tails away toward 20 years but contmues on to 50 
years of age, or later This residual curve does not faU mto any 
autocatalytic cycle The existence of growth outside of “the three 
growth cycles’’ has been recently recognized by Robertson fl926)® 
who introduces the idea and the term of “hnear mcrement ’’ In the 
mouse he conceives this to begm at about 10 weeks after birth and to 
mcrease m arithmetical fashion to 140 weeks, or later This “hnear 
mcrement” conception was forced from the fact that growth of mice 
“contmues very slowly for long after the attainment of sexual ma- 
turity and dimensions which might readily be supposed to be ‘adult’ 
and, therefore, maximal It is possible that m other ammals also a 
similar hnear accretion is occurrmg, and has escaped attention for lack 
of data concermng the late growth of the ammals ” 

Now I suspect that the residual curve mdicated by the dash hue 
and, m part, by a full hne m Fig 2, corresponds to Robertson’s “hnear 
accretion,” masmuch as it contmues past matunty, but m detail it is 
enbrely different from Robertson’s “hnear accretion” smce it is not a 
straight hne at all 

One may propose a hypothesis as to the meamng of this residual 
curve One may base it on the probability that besides the natal and 
adolescent growth accelerators there are other growth processes of 
particular organs or of the body as a whole These constitute the 
substratum of growth of which the natal and the adolescent cycles 
are espeaaUy activated or accelerated episodes Indeed, it is plam 
from such studies as Riddle (1925) has made on the growth of organs 
m the pigeons and which Scammon (1925, 1926, a, b) is making on the 
growth of organs in man, that the total growth is, as it were, 

* Robertson (.1923), pp 445 and 446 
® Da\enport (1926), pp 210-212 
® Robertson (1926), pp 469-473 



CaiARUES B DAVENPORT 


213 


the summation of growing parts or organs, each following a more 
or less mdependent law Not until we understand the changes 
m weight of the different parts of the body from the beguimng of 
de\elopmcnt to matunty shall we be enabled to give on adequate 
interpretation of the growth curve. When that happens we shall first 
be m a position to direct and modif> the form of the developmental 
curve 

To illustrate, merely, the view of an important substratum of 
growth apart from the cycles I may refer to the findmgs m respect to 
the rate of development of three or four human organs m comparison 
with the growth of the body as a whole 

Thus Starkel and Wegnynowski (1910) and E Thomas (1911) 
find that the suprarenals grow rapidly m the fetus, attammg, at or 
about birth, a weight of 3 gm After birth the weight falls, absolutely, 
to about 1.5 gm at about 12 months of postnatal life. It then m- 
creases very slowly to about 3 gm at about the end of S years Thomas 
shows that the degeneration after birth affects, especially, the deeper 
layers of the cortex Scammon (1926,6)^ shows, m addition, 
that in the suprarenals there is no citraordmary prenatal acceleration 
of growth but only a postnatal mvolutlon A shnilar postnatal re- 
tardation of growth velocity occurs m the cerebellum (Scammon 
and Dunn (1924)) 

The length of the uterus in the fetus undergoes extraordi n a r y 
changes that have been worked out by Scammon (1926, a) • Thus 
m the 7th fetal (lunar) month the uterus begins to show an extra- 
ordmary spurt in growth, as compared with the body as a whole 
At birth the length of the uterus is 35 mm while, had the spurt not 
occurred, It would have been only about 23 mm Withm 3 weeks 
after birth the length of the uterus has fallen to 24 mm, and then 
mcrcascs slightly dunng the following 5 months, “This suggests,” 
says Scammon, “that the growth of the uterus in the latter fetal 
months consists of a substrate of typical fetal growth plus a secondary 
growth increment, which, presumably, is due to an extra stimulus 
furnished by a hormone of placental or possibly ovanan ongin After 
birth the organ loses this secondary mcrement but retains that result- 

1 Scannnon (1926 b), p 809 

• Scammon (1926 a), p 690 
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mg from the early fetal growth rate ” Again, reference may be made 
to the well known case of the thymus, which, accordmg to Hammar 
(1921),® imdergoes a rapid reduction of size and function as ado- 
lescence sets m at 11 to 15 years This mvolution seems to be deter- 
mmed and controlled by the development of the gonads 

The foregomg mterestmg studies on vanations m the veloaty of 
growth of human organs justify the conclusion that the development 
of weight in man is the resultant of many, more or less elementary, 
growth processes When some speaal activator of development 
causes one or more organs simultaneously to increase m veloaty of 
growth to a high degree then a marked maximum occurs m the human 
growth curve, and this may assume the form of the logistic curve of 
growth Two of these episodes are of overwhelmmg importance 
The great number of smaller growth operations are less outstanding, 
and overlap m time to such a degree as to become submerged m a 
nearly umform, high and prolonged wave of growth It is probable 
that some of these growth impulses affect not merely one or two 
organs of the body but are diffused more or less uniformly throughout 
the entire body It is this substratum of the growth process which 
deserves speaal study and analysis m the future 

Fmally, one is led to speculate on the nature of the activators of the 
two pnnapal speaal growth accelerations — the orcumnatal and the 
adolescent There is some ground for entertammg the h)Tpothesis that 
the adolescent spurt is espeaally activated by the secretions of the 
pitmtary gland, or antenor lobe of the hypophysis, smce preadolescent 
h}'pophyseal underactivity results in reduced growth and preadolescent 
hj'peractivity m giant growth 

The tremendous veloaty of growth m the orcumnatal cycle seems 
to be activated by something cormng mto the fetus from the mother 
through the placenta Hardly otherwise can we account for the fact 
that the growth process ceases its acceleration at just the time when 
the placental connection is broken 

Experiments should throw hght on the nature of the speaal, as 
V ell as the general, growth activators at different stages of devel- 
opment 


® Hammar (1921), p 351 
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5 SmOIAEV 0? CONCLTJSIONS 

The htnnan growth curve shows two (and only two) outstanding 
pcnods of accelerated growth — the arcumnatal and the adolescent 

The arcumnatal growth cyde attams great velodty, which reaches 
a maximum at the time of birth The curve of this cyde is best fitted 
by a theoretical skew curve of PcarBon’s Type I It has a theoretical 
range of 44 months and a standard deviation of 5 17 months The 
modal veloaty is 10 2 UIos per year 

The adolescent growth cyde has less maximum veloaty and greater 
range m time than the arcumnatal cyde The best fittmg theoretical 
curve IS a normal frequency curve rangmg over about 10 years with 
a standard deviation of about 21 months and a modal veloaty of 4^ 
kilos per year 

The two great growth accelerations arc superimposed on a residual 
curve of growth which measures a substratum of growth out of which 
the accelerations arise. This probably extends from conception to 55 
years, on the average. It is characterized by low velodty, averaging 
about 2 Idlos per year from 2 to 12 years. It is mteipreted as due to 
many growth operations comddent or doscly blendmg m tone. 

Our curve shows no third marked period of acceleration at betwe^ 
the 3rd and 6th years. 

The total growth m weight of the body is the sum of the weight of 
Jts constituent organs In some cases these keep pace viith the gwvrth 
of the body as a whole, great acederations of body growth arc due 
to great accelerations m growth of the constituent organs In other 
cases one of the organs of the body (like the thymus gland) may 
undergo a diange m weight that is not in harmony with that of the 
body os a whole 

The development of the weight in man is the resultant of many 
more or less elementary growth processes. These result in two special 
episodes of growth and numerons smaUer, blending, growth operations 

Hypotheses are suggested as to the basis of the spedai growth 
accelerations, 

I take this occasion to acknowledge the valuable assistance of 
Miss Mary T Scudder m the calculation of the two theoretical curves 
of Fig. 2 
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THE EFFECT OF ENZYME PURITY ON THE KINETICS 
OF TRYPTIC HYDROLYSIS 

Bt henry BALDWIN MERRIIX. 

{From ikt Lahoraiory of A F Callmt and Sans Company, Ifthraukee ) 
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INTRODDCrnON 

In the cotirsc of an investigation of the function of pancreatic 
eniymea b the tannery process Icnown os bating, the author has hod 
occasion to study the rate of digestion of keratose by trypsin ' This 
study has resulted b the accumulation of a considerable mnsx of 
data bearing on the kinetics of the reaction under different expen 
mental conditions Examination of these data from the pomt of view 
of the law of mass action has brought out an bteresting relation 
between the punty of the emyme specimen employed and the ap 
parent order of the reaction It appears from this work that the less 
refined the enzyme, the more closely does the digestion follow the 
course of a monomolecular reaction The evidence for this finding, 
and its bcarbg on the mechanism of the inactivation of trypsm, form 
the subject matter of this paper 

Keratose — Smee this material has not previauslv been studied 
as a substrate for enzyme action, a bnef descnption is called for 
Keratose (to apply a general term to what may or may not be a group 
of substances) is the first product of the alkaline hydrolysis of keratin 
In its physical chemistry, keratose resembles caseb, bemg soluble b 
dilute aad or alkali, but Insoluble at its isoelectric pomt, which has 
been found to lie at pH ■•41' The method used m this laboratory 
for prepanng keratose* consists of dissolving clean calf hair b dilute 
sodium hydroxide, neutrahzmg to pH •* 8 0, filtering off any unde 
composed hair, precipitating keratose b the filtrate at its isoelectnc 
pomt, and washmg repeatedly by decantation The white, curdy 

* WTUon, J A^ and Merrill, H. B Ind and Eni Chonu, 1926 ivili, 18S 

* Wlhon, J A^ and Mertflt, H B , / Anu LjiOtcr Chan, Assn , 1926 xtl 2, SO 
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preapitate so obtained is redissolved in dilute NaOH, and brought 
to pH = 8 0, which has been found to be the pH value at which 
tryptic hydrolysis of keratose is most rapid ' 

Enzymes — The enzymes used m this work were commeraal sam- 
ples submitted to this laboratory for test as possible batmg matenals 
They were used without any purification The samples vaned m 
strength from a IJ s p pancreatm, the activity of which, measured 
on casern, was 7 Fuld-Gross umts, to a punfied trypsm of 333 Fuld- 
Gross umts Out of all the samples exammed, three, representmg 
respectively a very weak, a moderately strong, and a very strong 
preparation, were employed for the work covered by this paper 
The characteristics of these samples were as follows 



Activity measured on 


Sample 

Casein 

Keratose* 

(Fold Gross units) 

(Wnson Mcmll method) 

9 

333 

133 

6 

S3 

27 3 

2 

7 

4 2 


EXPERIMENTAL 

Method 

The experimental method employed m studying the rate of digestion of kera- 
tose by enzymes is \ery similar to that used by Northrop* m his work with casein 
The method is based upon the fact that keratose, like casern, is msoluble at its 
isoelectnc pomt, while its products of digestion are soluble Starting with a 
known quantity of keratose, the fraction remaining imdecomposed at the end of 
an> gi\ en time may be determined gravimetncally, and the quantity of keratose 
digested determined b> difference This method has the great advantage, as 
pomted out b> Northrop, that only the first step of the digestion is studied 

The stock solution of keratose is analyzed by precipitating a measured volume 
at pH « 4 1, filtering through tared filter paper, drying at 100®C , and weighing 
From the anal\tical results, the volume of stock solution containing exactly 
2 000 gm keratose is calculated This \ olurae is placed in a hter flask with 
100 cc of the powerful citratc-phosphatc-boratc buffer solution (pH « 8 0) de- 
scribed b\ Northrop, and made up nearly to 1 hter The flask is placed m the 
thermostat and allowed to come to the desired temperature, then the enzyme, 
dissoh ed in a httle water, is added, the solution is made up to 1 hter, and well 


* Nonhrop, J H , / Gcr Phynol , 1922-23, v, 264 
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100 cc, aliquola are removed ImmcdlAtcly alter adding the cMjTne and 
at suitable time intervals thereafter The undigested kcratoso is precipitated at 
pH « 4 1 by running each aliquot Into 50 cc- of a sodium acetate-acetic aod 
bulTcr pH - 3 6, n/ 2 in acetate ion The precipitate is atlovred to settle, filtered 
through a taxed paper washed four times with very dUutc HCl (pH -41) dried 
and weighed The difference between the initial weight of keratotc and that ob 
tained after any given lime interval gi\’cs the weight of keratose digested In the 
intcn'ah 



Bon* 

Fio, 1 Rate of digestion of kemtose with different cniymes, 2 0 gm keratose 
per liter, pH -* 8J), T •• 3S*C, 

Suitahle blanks were mn, and corrections made for insoluble matter added with 
the enayme, and for keratose digested in the absence of the enzyme. This Inst 
correction is negligible at the temperature employed for these ciperlments 

The temperature employed was 35®C db 0 05® 

Tests showed that the buffer employed kept the pH value constant to within 
0 1 pH unit during the course of the digestion 

Bacterial action was inhibited by the use of thymol 

Calculations — ^The per cent of the total keratose digested in dIC 
ferent time penods vms plotted against time for each senes, and a 
smooth curve drawn through the points Fig 1 shows a set of 



220 


kinetics oe tk'Vptic hydrolysis 


such curves, obtained with the three enzymes employed m this 
work It IS seen that most of the pomts he on or dose to the curves, 
mdicatmg that the percentage error is small for work of this type 
The percentages digested at appropriate time penods were read off 
the smoothed-out curves, and employed m the calculations 
Order of ReacHon — ^By the method outlmed above, the rate of 
digestion of keratose was determmed, using the three enzyme sped- 
mens under mvestigation The quantity of enzyme added was so 


TABLE I 

Vartahons of the Velocity Constant wUh the Stage of the Reaction with Different 

En^me Spectinefts 
= 1/t log la/{a - x)] 

a ^ l,x fraction of a digested in t hours, temperature « 3S®C 


Eniyrue No 2—0^ gm* per liter 


IH9 

0 50 

1 2 

n 

2 6 




0 832 

0 646 


0 401 



(1 34) 

1 60 

1 58 


1 53 




Enryme No 6 — 0 02 gm per Ulcr 


0 — a: 

h X 10 

03 

0 910 

1 36 

1 

1 2 

0 720 

1 19 


m 

4 6 

0 400 

0 86 



Enxyme No 9 — 0 002 gm per liter 

f 

0 2 

0 5 1 


2 0 

3 0 

4 0 

5 0 


— X ! 

0 900 

0 800 ' 


0 610 

0 535 

0 485 

0 450 


X 10 

2 3 

1 9 

IDi 

1 1 

0 91 

0 78 

0 69 

0 61 


adjusted that digestion took place at approxunately the same rate 
in all three cases The expenmental data was plotted (Fig 1), 
and \ alues for the per cent keratose digested were read off at appro- 
pnate time mtcrvals The veloaty constant of the reaction was 
calculated, using the equation for a monomolecular reaction 

ii = 1/1 log (a/(a — x)l 

pladng c = 1 and x = the fraction of the total keratose digested m 
/ hours Bnggsian logarithms were used. 
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The results of these calculations arc presented in Table I, and are 
plotted in Fig 2 It will be seen that for Eni:yine No 2, the weakest 
enzyme employed, the values obtained for ki are practically constant 
during the first 60 per cent of the reaction In other words, the di 
gestion does follow the course of a reaction of the first order With 
No 6, which IS some 7 times as strong as No 2, the values obtained 
for ki drop off rapidly, and with No 9, a preparation having 30 times 



TTMtlou ot total karmteio dlcostol 

Fio 2, Variation of velocity comtanU ■with aUge of reaction for different 
enzymes. 

the activity of No 2, the rate of decrease of A i is very rapid, — the 
“constant” falhng off to about one fourth of its initial value when 
the reaction is httle more than half completed 
In Fig 2, Jbi is jdotted as a function of the fraction of substrate 
digested For the Ideal reaction of the first order, the plot would be, 
obviously, a horizontal line. This condition is closely approached 
with Enzyme No 2 With No 6, and still more with No 9, the 
departure of ki from constancy is sufficiently apparent. 
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It IS Significant that the plots of as a function of fraction decom- 
posed are straight lines This means that ki decreases in value in 
proportion to the amount of proteose hydrolyzed, and not m propor- 
tion to the length of time elapsed smce the beginmng of the reaction 
Inactivation of Trypsin — ^The failure of an enzyme reaction to 
obey the law of mass action is commonly ascnbed to progressive 
macbvation of the catalyst while the reaction is takmg place Two 
types of mactivation have been distmgmshed, — (1) a spontaneous, 
irreversible destruction of the enzyme that occurs m solution whether 
or not the enzyme acts on a substrate, and (2) a reversible “inhibition ” 
due to combmation between the enzyme and the products of the 
reaction Northrop^ has shown that an equihbnum, governed by 
the law of mass action, is set up between free trypsm and “inhibitor ” 
on the one hand, and the complex “trypsm-inhibitor” on the other 
Only the free trypsin can undergo spontaneous mactivation The 
author’s findmgs may be explamed on very similar grounds 
We may assume that, m the sohd state, trypsm exists m combma- 
tion with some mert substance Let us further assume that this 
combmaUon, which we shall designate by the formula Enin, dis- 
sociates m solution m a manner analogous to the dissociation of a 
weak aad or base The amount of active enzyme, En, existmg at 
any time will then be fixed by the relation 


[Enl [Enln]/(t4 [In]) 

vherc h IS the dissoaation constant, and the bracLetted symbols 
indicate concentrations 

Let us further assume that dunng purification of an enzyme, the 
concentration of active enzyme with respect to the mactive earner 
IS greatly mcreased In a very impure preparation, Pn] will be 
hrge, and [En] correspondingly small The preparation wiU then 
be one of lou actinty On the other hand, the undissoaated com- 
p cx, Enin, vail ser^e as a reser%oir for En, more active enzyme being 
iberated as that present mitiaUy is used up by mactivation or com 
innion v.ith the products of the reaction Thus [En] will remam 
pmcticalh constant durmg the course of the digestion These am 

‘Nc-thropJ ir,/ G,r , 1921-22, u, 227, 245 , 261 
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the conditions which exist when a very weak enzyme, such as No 2, 
IS used for protein digestion, and, as we have seen, the constancy of 
enzyme concentration during the course of the reaction is reflected 
m the closeness with which the hydrolysis follows the course of a 
first order reaction 



1 1 a 4 & 


Xoitn AlgnttA 

Fio, 3 Log £ u ft function of time 

In a highly purified enzyme, where the concentration of En is 
high with reference to the inert material, the complex Enin will be 
laiT^ly dissociated at the start, and the preparation will manifest 
high activity The free enzyme will, however, be inactivated or 
inhibited rapidly, and *mce no sufficient reservoir of combmed enzyme 
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exists the concentration of active enzyme wiU dimmish Under 
such conditions, the rate of hydrolysis of the substrate must fall off 
more rapidly than would be predicted from the equation for a first 
order reaction Such is the case with Enzyme No 9 

The manner m which the velocity constant of the reaction falls off 
affords mformation as to the type of inacUvation which the enzyme 
IS undergomg Northrop has shown that the spontaneous mactiva- 
tion of trypsm follows the course of the monomolecular reaction If 
ki IS proportional to the quantity of active enzyme present, then (if 
the enzyme is decomposmg spontaneously) log ki should be propor- 
tional to i, and the plot of log hi against I should be a straight hne 
In Fig 3, log hi has been plotted agamst t for the data obtained with 
Enzymes Nos 6 and 9 It is plain that hi does not fall off according 
to the equation for first order reactions In the reversible inhibition 
of trypsm by combination with the products of digestion, the amount 
of enzyme inhibited is proportional to the fraction of substrate de- 
composed, and therefore hi will be mversely proportional to x That 
tlus IS true in the author’s experiments is shown by the fact that the 
graphs of hi against x arc straight lines (Fig 2) This indicates that 
in these expenments the spontaneous inactivation of the enzyme is 
negligible, and that we are dealing chiefly with the reversible inhibi- 
tion due to combmation with the reaction products 
It IS of interest to note that if the rate of inactivation of the enzyme 
happens to be the same as the rate of decomposition of the substrate, 
the course of the mam reaction will apparently be that of a bimo- 
Iccular reaction This happens to be the case with Enzyme No 6 
The following values for the bimolccular reaction velocity constant, 
were calculated from the famihar formula 

k ^ (1//I [i/(a (a - *1)] 


from the data giicn m Fig 1 


{ 1 

0 3 1 

0 7 

j 1 2 1 

2 0 1 

3 0 

4 6 

a — X 

0 91 

0 81 

0 72 

0 61 

0 51 

0 40 

1, y 10 

5 3 

3 3 

1 

3 2 

3 2 

3 3 


V. ith EnzxTnc No 2, the corresponding values for /:• increase as the 
h\drolwn proceeds v lulc with No 9 they fall off, indicating in the 
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latter case that the enzyme is being used up at a relatively greater 
rate than the substrate 


SUMMARY 

The rates of digestion of heratose have been determined with three 
commercial enzymes, ranging widely in strength. It has been found 
that the weaker the enzyme preparation, the more nearly does the 
course of the hydrolysis conform to that of a reaction of the first 
order This has been explained on the assumption that in solution 
an equilibrium exiats between active enzyme, and enzyme combined 
with inert material In very impure enryme preparations, the large 
quantities of combined enzyme act as a reservoir for active enzyme, 
mamtalning a constant concentration of active enzyme during the 
course of the digestion 

The author wishes to acknowledge his mdebtedness to Mr John 
Arthur tVIlson for many helpful suggestions during the preparation 
of this paper, and for permission to publish. 




TEMPERATURE AND FREQUENCY OF HEART BEAT IN 
THE COCKROACH 

Bi E, F B. FRIES. 

(From tht Lahoraiory of GcneTal PAyrfff/cjy, Harvard Unhcnityt Cambndic) 
^Accepted for publication, July 19, 1926 ) 

I 

It has been found that the relation existing between temperature and 
the frequency of rhythmic neuromuscular actrvily, espcoally when 
derived from many careful measurements made upon single animals 
at short mtervals over a fairly wide range of temperature (Croaer 
and Federighi, 1924-25), may throw light on the question of the iden- 
tity of the chemical reactions supposed to oontiol homologous blologi 
cal processes (Crorler, 1925-26, b) The present paper reports ex- 
periments performed further to test this hypothesis by determining 
the temperature characteristic for the frequency of the heart beat in 
Bhlta onentclU L Observations were made from large nymphs' 
of this species All were secured In one lot from Birmingham, Ala 
bama, early in 1926, and were kept at room temperature, with suf- 
fiaent air, in a wire cage, where food (such as raw potato, butter, 
breadstuffs, and dead cockroaches) was available. 

The data obtained possess added value m that the animals provid 
mg them remamed whole and imlnjured dunng the experiment A 
1000 watt lamp in a stcreopticon lantern proved adequate to reveal 
clearly the pulsations of the dorsal blood vessel even In very darUy 
pigmented speamens, as viewed by the transmitted light with a low 
power bmocular microscope (The absence of wings in the nymphs 
was favorable to this procedure ) The animal under observation, 
22-26 Tpm in length, was held m a glass tube, 30 cm long and of such 
diameter as to press shghtly upon the lateral edges of the terga 
Wire gauze plugs, surfaced with cotton and set m place by wires 

' Since one individual of the size used ojsumcd wings at the next moult, these 
■were presumably in the lost nymphal Insta r 
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attached to them, served to prevent movement forward or backward 
m the tube The latter was connected at one end by way of rubber 
tubmg to a suction pump, and at the other opened mdirectly to the air 
of the laboratory, with the enclosed cockroach it was held immersed m 
the water of a rectangular thermostat The bulb of a sensitive ther- 
mometer (graduated to 0 1°C ) was enclosed m air withm a length of 
glass tubmg of the same cross-section as that of the tube holdmg the 
ammal, and was held close to the latter m order to approxunate the 
same conditions The hght from the lantern, after passmg through 
mfra-red filters, was admitted to the thermostat only through an open- 
mg m a shield covermg the exposed side Here a lens concentrated 
the rays upon the ventral surface of the animal A second shield of 
metal, fitted to the tube and with a small openmg admitting lUumma- 
tion only to the thoraac sterna, protected the eyes of the observer from 
the glare and reduced photic exatation of the animal A larger open- 
mg m the shield on the opposite side of the tube exposed to view most 
of the dorsum of the cockroach Besides thus partly shieldmg the 
ammal, further unnecessary photic stimulation was avoided by switch- 
mg off the lamp between sets of readmgs 


The time for mne complete heart beats was determmed with a 
stop-watch As the several chambers pulsate almost synchronously 
in the normal cockroach, and at least at the same rate, that thoraac 
or (first, second, or third) abdommal segment was observed which dur- 


mg a given readmg seemed most favorably situated For every tem- 
perature step in a senes, at least three, generaUy five, and occasionaUy 
up to eleven separate counts were made with a view to compensatmg 
the vanations Thus the present matenal represents somewhat more 
than 1500 stop-watch readmgs In general these refer to the ammal 
in a quiescent state, but for some sets it was virtually impossible to 
obtain (as was regularly attempted) complete counts without some 
coincident mo^ emcnts of body or legs This probably did not greatly 
alter the a^erage times recorded, or more m one sense than the re- 
\cr,e, for the consequent increase or deaease of heart rate (generaUy 
he former, but often apparently first one and then the other) seemed 
o be cornpensated in the course of two or three counts, possibly 

Deduce of n mrxtrl n. . , . _ ^ 
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obvious change m the cardiac rhythm, I largely avoided mnlcmg 
counts while such movements were more agitated 
The temperature was changed in steps of about 1®, rarely as great 
as 2® After each such change a minimum of 10 minutes was allowed 
for adjustment before the next set of readings was taken A portion 
of tbs interval passed whfle the air within the tube acquired the 
temperature of the thermostat, but dunng the lost 5 nunutes or more 
the mercury remained practically constant at the new IcntL The 
temperatures were read to 0 01°, m but a few exceptional cases did 
they vary as much as 0 2° from the first to the last of any smgle set of 
readings, and they are easily correct to ifc 0 1° 

At each change of temperature (10 to 25 minutes before each 
set of readings), fresh air, passmg first through nearly 1 m of thin 
glass tubing m the thermostat, was drawn through the tube holding 
the cockioacb This procedure was a more than ample check upon 
disturbances wWch a change of oxygen or carbon dionde tension might 
cause. In tbs connection I ate the remarkable case of Cockroach 
10 which remained aUve 29 days contmuously in the tube. Its heart 
rate was approximately unchanged during more than 10 days, even 
with ciqienmental ejqwsure to 38 4° (once) and to 5° (twice) j after 
each experimental senes, oir was drawn through the tube but not 
oftener than every 8 to 48 hours 


IL 

Satisfactory senes of observations were completed with six indi 
viduals * The data arc transcribed b Hgs. 1, 2, 3, and 4, where the 
logon thm of the frequency of the heart beat has been plottf;d against 
the reciprocal of the absolute temperature The points represent the 
averages of the several readmgs made at each temperature step b a 
It Is apparent that withm narrow limits of variation all the 
series describe straight Imes The relation of frequency to tempera- 
ture therefore fits the Arrhemus equation Ka/Ki ” tvrt-i/Tf) 
m wbch K\ and Ki are proportional to veloaty constants at the 
respective absolute temperatures Ti and Tt, R the gas constant, 

* Three other individuals were previously observed in the course of devtlopiug 
and the apoimental method. They yielded data not Inconsistent with 

those about to be discussed. 
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Fig 1 Senes of observations with Animals 4, 5, 6, and 7 Arrows indicate 
whether the temperature was raised or lowered The frequencies are factored to 
raise their logarithms m each of the upper five senes respectively by 1 0, 0 8, 0 6, 
0 4, and 0*2 abo%c the original values The latter do not differ between senes 
more than about 0 1 unit at anj one temperature The sue of the symbols is 
such as to correspond to a probable error of db 2 per cent of each average frequency, 
w hich IS greater than the probable error found b> calculation The pomts marked 
h\ broken hnc s^^nboIs m the uppermost senes were obtamed before the animals 
had become adequatch accustomed to the high temperature, hence the line was 
filed to the rest of this senes without considering them Such deviations 
il},*5traie the necessit% for careful thermal adaptation 
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and ii the cntical thermal increment or temperattire characteristic 
(Crozier, 1924-25) The \’alue of fji is fixed the slope of the line 
best fitted to the points plotted, it may be computed from the graph, 
the frequencies being measures of the vcloaty constants 

Separate and repeated fittings to the series obtained from fi\ e mdi 
vuduals, shown m Figs 1 and 2, lead to values of p ranging from 12,020 
to 12,810 calones for tcmpcratuies between 10® and 38® • The 
weighted a\’erage p 12,500 Of the fi%*c animals one was cooled 
below 10®, two senes from 19"^ to 5® show a ‘Tircak” or marked change 
of temperature charactcnsUc occurring at about 10®, such that for 
lower temperatures Is of the order of 18,100 (Hg 2) 

Fig 3 IS a mass plot of the senes (abo\ e 10®) which are shown in 
Figs 1 and 2, but adjusted by suitable factors to comade at 1/r » 
00034 The combmed series give a straight Ime for which p « 
12,500 calorics This represents the mean for the range 10-38®, and 
IS subject to a probable error of ±0 6 per cent The \ertical width 
of the band of pomts, which as fn other cases (Croaer and Stier, 
1924-25) fonns a ribbon with parallel margins. Is an Index of the van 
ability encountered in the normal cockroach On the basis of a selcc 
tiOD of sets of readings representing wider dc\'iatlons than usual m the 
data here reported, the latitude of variation for any one mdividual is 
with very few exceptions well within ±7 per cent of the mean frc~ 
quency at an> one temperature. On a like basis, the probable error 
of the mean frequencies entered m the graphs is foimd sddom to 
exceed d:2 per cent, bang much less m about half the obser\’ations 

In contrast to the others, one mdrvidual yielded data from which a 
deariy different magmtude of p must be denved When a first “run” 
re\ ealed a \td\xt of the order of 14,300, I made additional senes of 
observations upon the same mdividual within 18 days after the first 
Considered separately, the latter senes gn*e nse to \'alue3 of p re 
-spcctively higher and lower than the Initial determination, yet safelj 

* A ^•eIy illjjitly lower average vilae is given by the * Voni*’ of falKng temper 
eturt* than by those of rising temperaturea, but the difference b not great or 
consistent enough to be significant. Thus, of six comparable senes (Fig 1) the 
three during which the tenqieratnre was lowered gn.'c 12 020 12,210 and 12,500 
(mean 12,240) and the other three during which the t emp erature was raised 
d%-e 12060 12 670 and 12,810 (mean • 12,510) 
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comparable and not to be classed with the previous cases averaging 
12,500 Fig 4 shows the data from three ^^runs,^^ Comddcnce Is 
so nearly complete that a single hne is drawn to represent the average, 
according Co which /i « 14,100 fcomect to zk300 or better) over the 
range 4^28® * In this case no change to a higher temperature charac 
tcnstic near 10® is demonstrable for the lower rage of temperature 
Excepting the first senes, the latitude of variation is greater than for 
the other five animals (as much as double), yet tbe probable errors 
of the Individual plotted frequenaes onlv rarely exceed =fc 2^ per 
cent For this animal, therefore, both a difference in fi and the ab- 
sence of a critical temperature at 10° =fc serve to characteruc the 
control of Its heart rhythm as different from that of the others 

m. 

The results mate it dear that the heart rate m the late nymphal 
stage of the coctroach typically vanes with the temperature in a way 
defined by I2r500 ± calories, but that a consfdcrablyhighercnti 
cal increment (ca 18,100) probably holds for the same animals at low 
temperatures, tho aitical point (Croxicr, 1924-25, 1925-26, c) at 
which the change occurs being 10° db Although most of the animals 
reveal above this temperature an approach to the mean value 12,500, 
with a constancy indicated by a standard deviation amounting only 
to 2J per cent, an exceptional individual may be found which in 
some (still unknown) respect differs from the typical so that the con- 
trol of the heart rhythm bes in a process whose t* is definitely of another 
magnitude, namely 14,100± 

The pulsation of the dorsal vessel of insects is considered to be con 
trolled by the central nervous system (Zawaixin, 1910-11), and 
Carlson (1905-06) reported evidence of both augmentary and inhibi 

* Another Kdea obtained from this animal showed such ahnonntUy high 
variability that fi could not be determined with any reasonable degree of accumey 
Except tl^t the observations were in this instance begun immediately alter trans- 
ference to the tube, Httle cause can be given for this instability, but a correJatlon 
with it of a general drop in heart rate may be noted. Both occur in cases of sub- 
normal vitality aa other observations show Thus Cockroach 10 showed both a 
marked Increase in latitude of variation and an abaobte slowing down of the heart 
rhythm after 4 weeks In the experimental tube. 
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tory innervation of the heart of an orthopteran {Dtctyphorus) ® The 
typical value of ju (12,500) for the cockroach heart rate was therefore 
expected to accord quantitatively with values determined for other 
non-respiratory neuromuscular activities of arthropods presumed to 
depend upon the rate of “central nervous discharge” (Crozier, 1924- 

25) It does so withm limits of difference ascnbable to errors of curve 
fittmg or to consequences of uncontrolled body or limb movements 
Thus Crozier and Stier (1924-25) have listed a number of such phe- 
nomena, for which ju = 12,200± More recently they have (1925- 

26) reported the same value applymg to locomotor activity m tent 
caterpillars In addition, Fedenghi' finds the heart beat of the an- 
nehd Nereis to show = 12,400 

Neither is the exceptional case where n = 14,100± entirely with- 
out counterpart, although it is very mfrequent (Crozier, 1925-26, Z») 
A like value appeared (as an exception m senes yieldmg 16,200) 
among Glaser’s (1925-26) determmations for the heart rate of a 
pteropod and (as exception to 11,100) in Cole’s (1925-26) findmgs for 
locomotion in Planana The data m the present instance offer 
nothmg toward explaming the atypical value, for no difference was 
apparent m the treatment or condition of the ammals All that can 
be said is that the results point to the possible vahdity of 14,000 -t- 
as the temperature charactenstic of one of several chemical reactions 
vhich may be supposed necessaiy to more than one type of vital proc- 
ess (Crozier, 1925-26 a, b) but which only exceptionally proceeds so 
slov Ij as to assume a govemmg r61e 

rv 

stbuiary 

The frequency of pulsation of the mtact heart m nymphs (final (?) 
instar) of BlaUa onentahs L increases with the temperature ac- 
cording to the equation of Arrhenius The constant p has typically 
the same \alue, mthin reasonable hmits of error, as that (12,200) 
deduced for other, homologous activities of arthropods where the 

^^lo'c rcxcntlj 41ciandrovncz (1926) has dcacnbed in detail the innervafaon 
of the cockroach heart 

* Fcdcnghi, H (unpublished eipenments) 



E. P B YSJES 


237 


rate of central nervous discharge is perhaps the controlling element, 
namely 12,500 dz calones for temperatures 10-38°C Below a criti* 
cal temperature of about 10® a change to a higher value of the tem- 
perature charactenstic occurs, such that /x » 18,100 =h Exception 
ally (one individual) ix » 14,100 ± over the whole range of observed 
temperature (4^28®) 

The quantitative correspondence of ft for frequency of heart heat in 
different arthropods adds weight to the conception that this constant 
may be employed for the recogmtion of controUmg processes. 


It is a pleasure to admowledge my indebtedness to Professor W J 
Crozier for his suggestion and guidance of this work. 
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SOME PHYSICOCHEMICAL PROPERTIES OF DISSOCIATED 
SPONGE CELLS 


By P S. GALT^OFF ahd VLADIMIR PERTZDFF 

(From the Unxitd SUiUt Bureau of Fisheries Slatimt TTwnIj EoU, and the 
Laiaraiorks of Fkysioloiy, ffarvard iTedkal Schaoi, Bosforu) 

(Accepted for pdbllcatJon, Jnly 12, 1926 ) 

L INTttOBUenON 

It has been known since Wilson's discorvery (1) that dissociated cdls 
of iftcroama come together and form aggregates, tvhich by farther 
transformation develop into new sponges. Similar processes were 
observed in fresh water and m calcarcoas sponges (2, 3), and in by 
droids and al<^?onarmn5 (4, 5) Recently one of us (6, 7), In studying 
the behavior of dissociated ccDs of ificroctmoj found that the forma- 
tion of aggregates is due to the ameboid movement of so cafled arcluco- 
cytes, that is, unspedaUred cells of the sponge mesenchyme, which 
upon separation creep in vanous directions and coalesce with other 
f^lla of the same spedcs which happen to he on their route. Accord- 
ing to these observations, aggregation is easily affected by changes m 
the surroundmg mcdnim In pure isotonic solutions of NaQ or KQ 
the ameboid movement is entirely inhibited, and the addition of at 
least one of the alkalme earth metals, either Ca or Mg, is necessary to 
produce the aggregation of cells. The addition of acids or bases to a 
su^jension of cdls also causes significant changes m their behavior, 
inhibiting their movement and changing the adhesive properties of 
the protoplasm. In mixed suspension, the cdQs coalesce only with 
r^TIa of their own spedcs, forming separate aggregates, while in alka- 
line sea water the Uicrcciona aggregates become surrounded by the 
Cl^ona cells 

The present investigation is an attempt to deal in a quantitative 
manner with the equHibnum relatHmfl Involved between the cells of 
two sihceous sponges, Mtcrocuma prolsfera Ver and Cluma edaia 
Gr , and add or base. 


2J9 
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As a preliminary to the account of the investigation of the sponge 
cells, we report a titration of 0 00280 molar NaAc m 0 520 molar 
NaCl solution, this solution served as the medium m experiments 
with the cells 

II The Hydrogen Ion Actvoity in a Solution Containing 0 00280 
Mols of NaAc, 0 520 mols of NaCl per Liter, and 
Various Amounts of HCl and NaOH 

A medium for the titration of the cells of the sponges must answer 
several requirements First of all, it must be iso tome with the cells, 
secondly, it must be of such a nature as to prevent aggregation of the 
cells (7) , and, thirdly, it must have a certam buffer value on the acid 
side of neutrahty (smee most of the observations were made m that 
range) so as to yield reproduable e m e measurements 

After several trials we found that a solution contammg 0 00280 
mols of NaAc and 0 520 mols of NaCl, and varied amounts of HCl 
and NaOH, answered practically all of our requirements It gives 
fairly reproduable E ilf measurements, but its buffer value is not 
large enough to mask the effect of the aad or base bound by the 
sponge cells 

Several mvestigations were made on acetate buffers contammg 
different amounts of NaCl L Michaehs and R Ehbger (8) studied 
the hydrogen ion activity of a 0 02 N mixture of equal amounts of 
NaAc and HAc in the different salts They found that m 1 molar 
NaCl the mixture has a pH of 4 484, the pK' evidently bemg equal 
to 4 484 

L Michaehs and K Kakmuma (9) m their contnbution to the elec- 
trocheimcal measurements of the activity of ions found that 0 01 
molar solutions of equal amounts of NaAc and HAc, contammg differ- 
ent amounts of NaCl, have different hydrogen ion activities A solu- 
tion containing 0 1 mol of NaCl had a pH equal to 4 607, a 0 5 molar 
solution a pH of 4 503, and a 1 0 molar solution a pH of 4 448 

G S Walpole (10) mvestigated the pH of a mixture of HAc, 
NaAc, and NaCl The concentration of Ac m this system was 0 20 
N, a 1 1 mixture gave a pH of 4 58 The measurements were made at 
18°C 



Fio 1 The hydrogen ion activity m a tohition containing OiXXZSO mols NaAc 0^20 aoU 
NaQ per liter and varied amotmtj of HQ or NaOBL 
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J N Bronsted (11) recaloilated the expenmental data obtained by 
Walpole m terms of fimdamental thermodynamic functions 

The results of our mvestigation are graphically represented m Fig 1 
AH the pH measurements reported were made by means of a Leeds 
and Northrup potentiometer The E M F of the hydrogen electrode 
was measured against a 0 1 N KCl calomel electrode, usmg a saturated 
KCl bndge The pH’s reported were recalculated by the equation 

pH =■ (eilf observed - E.1LF calomel) 1 4- 0 001983 

For the e m. f of the calomel electrode we used the value given by 
Lewis and Randall (12) No correction for the diffusion potential was 
made 

Our experiments were earned out at slightly different temperatures 
The effect of temperature on the activity is not a neghgible one 
We corrected for the influence of temperature by mterpolatmg between 
expenmental pomts Fig 1 represents the titration of our acetate 
buffer at about 21-22°C 

In this figure the dotted Ime represents the pH values calculated by 
the Henderson-Hasselbalch equation 

pH = pH' + log ICNaAc) -i- (HAc)] 

It is evident from Fig 1 that the equation holds over a considerable 
range It fails, however, to desenbe the expenmental data m the 
range where the amount of NaAc becomes very small The average 
pK' for acetic aad m our system is about 4 37 

III The Hydrogen Ion Actvoity tn a Suspension of Cells of Mi- 
crociona proltfera or CUona celala, tn Which the Amount 
of Acid or Base is Var'ed, but the Concentration 
of Cells Is Kept Constant 

In Its natural habitat Microciona is usually found attached to rocks 
or shells, frequently occumng on oyster beds The sulfur sponge, 
CUona, IS a bonng sponge, it infests the shells of various pelecypods 
(both h\'mg and dead), and havmg bored through them, grows far- 
ther reachmg an enormous size 

The sponges used m the experiments were collected m the vicmity 
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of the Woods Hole laboratory lUcroaona was taken from the mouth 
of Wareham Bay, and from Woquoit Pond near Falmofuth, Massa 
chusetts Chona was obtained in Squeteague Harbor near North 
Falmouth, Jfassadmsetts Both speaes inhabit shallow waters and 
normally sustain considerable fluctuations m sahmty In Woquoit 
Pond and in Wareham Ri\er the salinity, according to our observa 
tions, vanes with each tide from 27 gm per liter at high tide to 1(5 
at low tide. 

Though the sallmty in the laboratory tanka at Woods Hole is much 
higher, varying from 31 to 32, no harmful effect was noticed, and 
the sponges sustained the new environment very well As a rule, 
however, the sponges used for experimentation were not kQit longer 
m the aquanum tanks than 5 days Eipencncc shows that as a 
result of prolonged Ufe in the aquamm they undergo physiological 
and anatomical changes, and become unfit for expenmental woii. 

The following procedure was adopted to obtam a suspension of 
qxiDgc cells. 

(1) Each piece of sponge was washed, all dead portions were cut 
away, and it was cleaned from all foreign substances, such as small 
pebbles, sand, mud, or algo, 

(2) The sponge was then placed for IS minutes in a 0.520 molar 
NaCl solution, the solution bemg changed twice. 

(3) The material was squeezed throu^ bolting silk No 20 into a 
solution containing 0 002S0 mols NaAc and 0.520 mols NaCl per liter 

(4) The next procedure consisted in centrifuging and was]^g twice 
with a solution of the same concentration of salts as that described in 
( 3 ) 

(5) The suspension of cells thus obtamed was transferred to a vessel 
through whidti a steady current of CCVfree air was bubbled. This 
last process was necessary in order to free the solution from any small 
amounts of bound or free carbon dionde which might possibly be 
present, and also to keep the cells from settling to the bottom of the 
vessel By bubbling air through the su^iension, it can be kept for 
24 hours without sedimentation and aggregation of cells. 

The suspension of sponge ccDs obtamed consists of archacocytcs, 
collencytcs, pmacocytes, desmacytea, and choanocytes The percent- 
age composition of the suspension may be given as followa Micro* 
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cwm, 25 5 per cent archseocytes, 9 9 per cent collenc 3 rtes, and 64 6 
per cent desmacytes, pinacocytes, and choanocytes, Chona, 15 4 
per ce nt archaeocytes, 15 0 per cent collencytes, 69 0 per cent desma- 
cytes, pmacocytes, and choanocytes 
During the preparation of the suspension the cells were subjected 
to rather vigorous mechamcal treatment Part of them might have 
been cytolyzed The products of this cjdolysis might appear m the 
watery phase, and might be responsible for the bmdmg of any aad or 
base added to the system 


TABLE I 

Effect of (he Nun^ber of Washings on the pH of a Suspension of Cells of Microciona 

prokfera 


Experiment \'I Washmg solution contams 0 520 mols of NaCl, 0 00280 mols 
of NaAc, and 1 25 X 10~* mols of HCl per liter 30 minute mtervals between 
consecutive washmgs 


No ofwaslunBS- 

(1) 

(2) 

Tempcniture. 

(3) 

pH 

(4) 


tolls 

•c 


2 

1 0 6230 

23 8 

4 88 

2 

0 6218 

23 8 

4 86 

3 

0 6274 

23 8 

4 95 

3 

0 6272 

23 8 

4 95 

4 

0 6251 

24 2 

4 91 

4 

0 6247 

24 3 

4 90 

5 

0 6235 

24 2 

4 88 

5 

0 6233 

24 2 

4 88 

6 

0 6205 

24 1 

4 83 

6 r 

0 6206 

24 1 

4 83 

NaO solution used m this ei- 

0 5952 

24 7 

4 40 

pciuncnL , 

0 5960 

24 7 

4 41 


In order to determme whether we were deahng m our expenments 
■snth the aad- or base-bmdmg property of the cells, or with the effect 
of some u nkn own product of cj-toli-sis, w e earned out the experiment 
reported m Table I In this experiment a suspension, prepared m the 
way already desenbed, was further washed with a solution containmg 
0 002S0 mols of NaAc and 0 520 mols of NaCl per hter After each 
wa sh ing the suspension was centrifuged, and the pH of the super- 
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natant liquid detenmned It is evident that the pH of the suspen- 
sion remains practically constant. If the aad bmding property of 
this system was dependent upon the product of cytolysis, the pH 
should gradually have nsen imtil it reached the pH of the washing 
solution No such phenomenon was observed. We must conclude, 
therefore, that in this case we are dealing with a property very closely 
assoaated with the Uvmg cells 

In our eapenment we added aad or base to the suspension of the 
sponge cells When any add or base is added to a system containing 

TABIE n 

Effect of Titne upon tht EsUiUtshmeni of an EguUibnum beiwetn the Cells and tk* 
Acid Added 

Solution 0-520 moli NaCl and 0 002fi0 mob NaAc per liter 

Suspension 51,9 X 10* ceD* of Microctona su^wided In 100 cc. of lohitJon 
U5 X 10~* mob HQ added to it 


nm» bttwcCT 

the o< U» 

add Um ejlt 

lotEtnreoat. 

1 

Ttrapcntoit. 

1 

ID 

U) 

(3) 

1 

arfiu 

1 mIU 

*C 


48 

0 6219 

21 8 

4 892 


0 6218 

21 8 

4 890 

63 

0 6223 

22 0 

A 896 


0 6223 

22 0 

4 896 

99 

0 6241 

22 0 

4 919 


0 6240 

22 0 

4jiia 

125 

0 6249 

22 4 

4 933 


0 6248 

22 4 1 

4 931 


basic or aad radicals, a displacement of the equllibnum occurs The 
cstabbshment of the new equilibrium takes a certain length of time, 
dependmg upon the properties of the system. To test the effect of 
tune on the system containing a rather large amount of aad and a 
suspension of cells of Mtcrociona proltjera^ we earned out the eiperi 
ment reported m Table H As is seen from the table, the pH values 
are almost constant. The difference m the pH value of the cdl suspen- 
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Sion and the same solution without the cells, in this experiment, is 
equal to 0 5 of a pH umt, while the difference between the first read- 
mg and the last is only 0 04 of a pH umt There are three possible 


TABLE ni 

Vitahiy Tests of Ute Cells Used tn the Ttlralton Experiments 
Microctona prohfera 


Exp^- 

pH o{ the 

fluspcfl 


Condition of cells after titration experiments. 

mcQt No 

(U 

(2) 

Immediately 

(3) 

12 hn later 

(4) 

vm 

4 56 

Normal 

Very small aggregates slightly adhermg to glass, many 
cytolyzed cells 

V 

4 82 

<c 

Small globular aggregates adhermg to glass, few cyto- 
lyzed cells 

m 

5 90 

({ 

Normal aggregates adhering to glass, few cytolyzed cells 

V 

6 13 

a 

Normal aggregates adhenng to glass 

X 

6 36 

<i 

(( it a it it 

X 

6 96 

(t 

it ft ft it it 


TABLE TV 


Vitality Tests of the Cells Used in the Titration Experiments 
Cliona celata 


Erperi 

pH of the 
suspen- 
sion. 

(2) 

Condition of cells after titration cipciiments 

ment No. 

(1) 

Immediately 

(3) 

12 hn later 

(4) 

IX 

3 06 

Part of cells cyto- 
l>’ 2 ed 

Cells strongly adhenng to glass, no aggregation 

IX 

3 71 

Normal 

« it a tt it ft 

IX 

4 09 

it 

it ti tt tt tt it tt 

DC 

6 59 

<t 

Normal aggregates 

IX 

6 70 

it 

tt it 

XI 

7 34 

if 

it it 


causes of this \'anation One of them has already been pointed out, 
namel\ , the time factor m the estabhshment of the new equihbnum 
The second factor v hich must undoubtedly be present in any system 
containing Imng matcnal is that of metabohsm The products of 
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the mctabobsm might possess add or basic properties of their 
and might gradually change the pH of the medium Without know- 
mg the chemical nature oi these metabolic products, one cannot de- 
termine their influence upon the pH of the suspension The third 
factor which may be responsible for this variation is the begmnmg of 
cytolysis It is quite probable that m such aad solution irreversible 
changes occur m the cells, producing more and more titratable matc- 
nal This will be seen from the discussion of the vitahty tests of the 
cells treated with acid 

In all subsequent measurements we used 45 mmutes for the cquili 
bration time. 

The next problem with which an mvcstigator of hvmg matter is 
confronted, is to determine whether or not his chemical manipulations 
have caused a permanent mjury or death to the object of Ins experi 
ment The best test of this, is to examme the cells immediately after 
the experiment and to observe their behavior when they are brought 
back to a normal environment 

For this purpose we conducted the foUowmg tests m conjunction 
with the measurements of the pH which resulted from the addition 
of aad or base to the suspension of sponge cells the cells used in the 
eaqicnments were washed with sea water and eiaimned under the mi 
croscope to determme whether they were alive or not, then 1 cc. of 
suspension was added to 9 cc. of sea water, and the nurture left un- 
disturbed for 12 hours This period is long enough for unmjared 
rrils to coalesce and form globular aggregates which adhere stron^y 
to the glass (7) The cells irreversibly affected by previous treatment 
are partially cytolyzed and form aggregates of irregular shape. Dead 
rells form loose sediment not adhering to the glass. 

Tables HI and IV list the results of the vitality tests earned out on 
cdls taken from the titration experfments It can easily be seen that 
the susceptibihty of Mtcrocuma proltfcra to aad solutions used in the 
experiments is much higfapr than that of Cltona ceJaia Thou^ at the 
end of Experiments V and VHI the cdls of the former r emain alive 
and under the microscope appear to be normal, their ameboid move- 
ment IS retarded. After 12 hours, instead of forming a few large 
aggregates as always happens under normal conditions, they coalesce 
into numerous small groups, many cells at the end of this penod be- 
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come cytolyzed This occurs when the pH of the supernatant hquid 
of the suspension is 4 56 

The cells of Cliona celata endure much higher aadity remaimng 
unmjured at pH 3 71, though their ameboid movement after such 
treatment is inhibited 

The difference between the cells of the two sponges can undoubtedly 
be correlated with the fact that for a given change m pH m fairly 
aad solutions, Microciona bmds more aad than Cluma We may 
suspect therefore that greater chemical changes occur m the first than 
m the second. 

It must be borne m mmd that, due to the rough treatment dunng 
squeezmg, washmg, and centnfugmg, the cell suspensions may con- 
tam a certam amount of cytolyzed matenal, so the presence of a small 
number of cytolyzed cells cannot be attnbuted entirely to the effect 
of aad solution Further maease m hydrogen ion activity wiU 
certainly cause a complete cytolysis and death of the cells As can 
be concluded from the exammation of Tables HI and IV, the critic al 
concentration probably hes just below pH 4 5 for Mtcrocwna and 
about 3 7 for Chona Above these values, the largest part of the cells 
cxammed under the miaoscope immediately after the titration espen- 
ments showed no emdence of mjury 

The amount of aad or base bound m titration of a suspension 
depends upon the concentration of cells m that suspension Our 
titration experiments were earned out with suspensions of a defimte 
concentration We shall express this concentration m terms of the 
number of cells present m 100 cc. of the suspension This method of 
expressmg the concentration is not stnctly correct Cells have their 
own volume, therefore the volume of “free” solution depends upon 
the number of cells present Any computation of aad or base bound 
referred to 100 cc, will de\nate from the true value by the volume of 
cells present in the system However, we beheve that by usmg rather 
dilute suspensions of cells we made this error neghgibly small 
In deter minin g the number of cells m a given suspension, the foUow- 
mg procedure was adopted 1 cc. of this suspension was diluted one 
hundred times and shaken v ell 1 cc of this suspension was trans- 
ferred to a counting cell A uniform distribution of the cells was 
secured by the use of a pipette In about 10 mmutes the cells settled 
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on tlie bottom and could be counted with a Whipple square micxom- 
etcr We counted the cells in ten fields of view taken at random at 
vanons parts of the counting cclL From the average number obtained 
by this procedure the total number of cells in 1 00 cc. of suspension was 
estimated The results were usually accurate withm 5 per cent. 

If the stock suspension was found to differ from the desired con 
ccntration, it was diluted to the iqipropnatc extent. After the dilu 
tion, the number of cells was checked once more. 

In all our experiments we titrated with HQ and NaOH, and for this 
reason our medium contained a large amount of NaCL Any addition 
of smell quantities of Q or Na produced, therefore, a practically ne^ 
gible change m the concentration of either Na or Q. Any reaction of 
the cells win, therefore, be due entirely to the change m the con- 
centration of free acid or base as measured by the hydrogen ion 
activity or Its dependent variable, the hydroxye ion activity 
This statement would be accurate if our systems had not con 
tamed NaAc. Upon the addition of an aad, however, the con- 
centration of decreases proportionally to the add added 
Therefore, in addibon to the variables (H+) and (OH"*) we have the 
variables (HAc) and (Ac"*) Evidently this second set of variables 
cannot be neglected, A simple way to test the influence, if any, of 
the concentration of HAc and Ac~ Is to titrate the cells m a solution of 
0,520 molar NaQ m the absence of NaAc. Such an experiment is 
hardly quantitative in a sh^tly add solution, but m a medium con 
taming a rather large amount of add the ealt becomes reliable. 
Therefore we brought a solution containing 0,520 mols of NaQ per 
liter to a pH of 4,50 by adding to it a known amount of HQ, Then 
to the same solution we added about 50 X 10* cells of Mtcrociona proli- 
Jem and by the addition of HQ brought it to the same pH as the solu- 
tion of NaQ It was found necessary to add more aad to the cells 
thqn to the NaQ solution m order to make the two solutions isohy- 
drionic. Evidently the amount of aad added to the cells minus the 
amount of add added to the NaQ solution is the amount of aad 
bound by the cells. It was foimd to be equal to 1 2 dh 0 2 mols HQ 
X 10~* If we compare this figure with the one obtained from the 
titration of the of Mtcrocuma proljem m the presence of NaAc 
(Fig 2) we find a complete agreement Evidently the (HAc) and 
(Ac') are not the controllmg factors in the titration m question 
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Fig 2 The hjdrogcn ion actint> m a solution containing NaAc and NaQ, 
a gi% cn number of cells of lhacctona prohfcra or Chom celala, and varied amounts- 
ofHClorXaOH. 

ilta-ccicrc Eipcnment V, 52 4 X 10‘ cells. Experiment X, 49 3 X 10* cells 
C/jcrc Experiment XI, 57 X 10* cdls, Experiment XIV, 51 1 X 10* cells 


P S OALTSOPF AKD VLADIMIK. PERTZOFF 


251 


The titration of the suspension "mis effected by adding to a known 
amount of cells a given amount of HCl or NaOH. The were then 
centrifuged and the pH determined dectrometrically on the supema 
tant liquid Two e.iu measurements were earned out on each 
sample The results of two experiments are given in Fig 2, together 
with the titration of the acetate buffer, taken from Fig 1 
As may be noticed from the titration curve of Microdona proltfera, 
the two experiments disagree sbghtly with each other m the upper 
part of the curve The reason for this disagreement is a difference m 
concentration of the cells in the two eiqicnments By drawing a line 
between the experimental points we can take care of this influence, 
and the Ime of titration would represent a titration of suspension hav 
ing approxunatcly SO 8 X 10* cells per 100 cc. A similar behavior is 
shown by the cells of Cltma, though to a lesser extent. 

The titration curves obtamed for the sponge cells are only functions 
related to the aad- or base-bmdlng properties of the ceHs The curves 
will have different shapes in media containing different buffers 
If we subtract at any pH the amount of aad necessary to bring the 
acetate buffer to that pH from the amount of add added to the cells 
to bring them to the same pH, we shall obtain a value characteristic 
of the suspension — the amount bound by the suspension ^ 

Such a calculation was made for both Microcuma and Clicna for 
the sH^tly add and basic ranges of the titration curve The results 
of the estimates are given m Fig 3 They arc probably accurate 
within about 8 per cent 

The function thus obtained is of fundamental importance for the 
estimation of the pltysicodiemical properties of cells. Each curve has 

^ This procedure Is not strictly cou e ct since the free base or add Is related to 
the hydrogen ion activity by the equations 

(HCI) - Tl (*H ) 

(NaOH) ■■ iCw + (*H ) 

In which the activity coeffidenta yj and vj vary with the c h a ng e In concentration 
of Ha and NaOH. 

But, since our syst e m contains a large amount of NaQ the change in the 
actmty coefficients between the acetate titration curve and the one of the sponge 
cells fa probably small. 
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two parts, one above the zero point where the sponge behaves as a 
base, and one below where it behaves as an aad The zero point, 



Fic 3 The aad and base bound bj the cells of Mteroaona prohfera and Choiia 
c^^atc at different h> drogen ion ac Unties 


where no base or aad is bound is of considerable interest for us 
It represents the pH of a pure suspension of cells, extracted from the 
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sponge and 'vvashed with isotonic NaCL These pH values for extracted 
ccDs arc different for Mtcrocxcma and Clwna The cells of Cluma are 
more addic than those of MtcrocUma We believe that these pH 
values may be characteristic of the speaes concerned, provided the 
comparison is made at a concentration of about 50-60 X 10* cells. 

The hydrogen ion activity of the original suspenaon for MtcrocKma 
pToUJera is equal to a pH value of 6 55 ± 0 1, and for Clxona edata to a 
pH value of 6 10 rfc 0 1 

Passing to the aad range of the aad or base-binding curve we 
observe that Cltcma^ bemg more aadic than Mtcrocwncj behaves as a 
weaker base, and binds less aad than the latter Mtcrocumaj being 
more basic, bmds more aad for a given change in pH. 

The basic part of the aad or base-bmdlng curve is even more 
choractcnfitic for the two speaes of sponges. While M^crociona 
prohfera is almost saturated with the small amount of base at a pH 
value of 7 SO, Ch two still has a considerable base-binding capoaty at 
that pomt. It substantiates once more the conclusion reached upon 
comparison of the two speaes m the aad portion of the curve, namely, 
that Cltoiia behaves as a much stronger add than Mtcroctona 
This conduslon, however, is open to one cntiaam the suspensions 
of the cells of Muroctmia and ClunuXj though containing an equal 
number of cells, are composed of cells of different sizes. Therefore, 
the total surface of the cells is different for Mtcroctona and Cltona. 

If the removal of aad or base from the hqmd phase, by the cells, la 
entirely due to the effect of the active surface, the results reached in 
mvestlgation would seem to refer to the surface, but not to the 
chemical properties of the body of the cells 
It 13 therefore of considerable mtercst to provide an experimental 
evidence to prove that the reagents used penetrated mside the cells 
In the course of the mvesbgatlon upon the cells of Cluma it was 
found that these cells changed their coloration from yellow to dark 
brown at a pH rangmg from 7.3 to 7 4 Upon microscopic examma 
tion of the cells, it was observed that the yellow pigmented granules 
of the cells were responsible for this change m color 
On treatmg the cells with absolute ethyl alcohol, this pigment can 
be extracted, and the same cha n ge m color reproduced m a test tube. 
These experiments mdicate that the cells of Cltona m faintly alka- 
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Ime solution are permeable to our reagents The reaction is not 
Tirmted to the surface of the cell 

This evidence cannot, however, be extended to the aad range of 
titration of Cltona, nor to Mtcroaona suspensions, but, since we have 
no reasons for beheving that an entirely different physicochemical 
mechanism is mvolved m these cases, we are mdmed to think that the 
action of our reagents is not limited to the surfaces of the cells 

We may conclude, therefore, that the concentration of cells being 
equal, the suspensions of cells of Mtcroctona and Clwna differ from 
<each other m their physicochemical properties, the comparison bemg 
made on suspensions of specified composition 

IV CONCLUSIONS 

1 The activity of the hydrogen ion, m a system contaimng 
0 002S0 mols of NaAc, 0 520 mols of NaCl per liter, and vaned 
amounts of HCl or NaOH has been mvestigated The average value 
of pK' for acetic aad m this system is about 4 37 

2 The effect of the addition of vanous amounts of HCl and NaOH 
to a system contaimng 0 00280 mols of NaAc, 0 520 mols of NaCl, and 
a known number of cells of ather Mtcroctona prohfera or Chona celata 
was then studied It was found that m weak aad solutions Mtcro- 
aona behaves as a stronger base than Cltona, the former bemg practi- 
cally saturated wath base at a pH of 7 5 Similar behavior is shown 
b}' suspensions of cells to which no aad or base w'as added the cells 
■of Chona are more aadic than the cells of Mtcroctona 

3 The microscopic examinations of the cells subjected to the treat- 
ment with aad or base mdicate that the ceUs of Mtcroctona remain 
aluc down to pH 4 50, the cells of Chona sustam greater aadity, — 
at pH 3 7 the\ exhibit no signs of cj-tolysis Tests for aggregation 
of these cells showed that this phenomenon is greatly inhibited even 
b% slightlj aad solutions 

4 The conclusion is drawn that the concentration of cells bemg 
equal, the suspensions of cells of Mtcroctona and Chona differ from 
each other in their phj sicochcmical properties, the comparison being 
made on suspensions of specified composition 
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THE GEOTROPIC CONDUCT OF YOUNG RATS 

Bt W J CROZrER AKD G PINCDS 

(Fjnwn iht Laboratory aj Gaicrcl Pkysiclofy, Barvard Umvemty, Cambridze) 
(Accqjted for publication, Septcmba: 18 1926) 

L 

If txopistic behavior is to be utilized for ultimate analysis of the 
inner processes controlling conduct It is quite necessary that the most 
complete possible mathematical expresaiona be found for at least 
several different modes of response Only in the case of phototropism 
has any considerable progress m this direction been achieved. We 
have reference, not so much to the theory of sensory activation, as to 
the reasonably complete formulation of relationships between the 
magmtude of the exatatory intensity and the speed and extent of the 
induced onentation In this respect the knowledge of geotropism, 
by contrast, is smgularly defective 
For plants, it is foimd that geotropic exatation is proportional to the 
sine of the angle of the stunulated part with the horizontal (Fittmg, 
1905, Fekelhanng, 1910) From the relatfonship between mass of 
attached leaf and rate of geotropic curvature in horizontal stems of 
BryophyUum, Loeb (1918, 1924) inferred that the curvature was de- 
pendent upon the amount of (gravitationally directed) substance sent 
mto the stem by the leaf This is obviously consistent with the finding 
that the 'presentation time*^ for geotropic response is directly pro- 
portional to the effective gravitational component (Pekelharmg, 1910) 
Quite recently the question of geotropic orientation in animals 
has been reexammed by Cole (1925-26), from the atandpomt of the 
rfilc taken by direct action of gravity as leading to tensions produced 
in muscles which support the orgamsm*a weight With B^liX Cole 
\Tas able to show that the speed of upward creepmg, after onentation 
is occomphahed, mcrcases with the sine of the angle of inclination of 
the creepmg surface, and thus as the active component of gravity 
This leai to the view, substantiated by the effects of forcing such an 
257 
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animal to carry additional loads (Crozier and Fedenglu, 1924-25, 
Cole, 1925-26), that onentation is controlled not by some statocyst 
function but by the differential gravitational puU upon the two sides 
of the body (Loeb, 1897), — a view earher advocated for Chitons 
(Arey and Crozier, 1919), which lack the statocyst of gasteropods 
The information we desired to obtain for the analytical account of 
geotropism required data upon the amount of upward onentation m a 
negatively geotropic ammal, and the precision of this onentation, 
as related to the mchnation of the creepmg surface For reasons m- 
dicated m earher papers (Crozier and Pmcus, 1926-27, a, b, 1926) 
we have employed for these experiments young rats of known genetic 
history, studied dunng the penod of about 2 days which mtervenes 
between the 12th day after birth and the time when the eyehds 
opened It happens that with these ammals certain new or hitherto 
Ignored features of the geotropic response become apparent and 
greatly improve the opportunities for mvestigation The result seems 
to indicate qmte clearly a direct dependence of onentation upon the 
distnbution of the animal’s weight upon the legs of the two sides of the 
body Formulas are denvable descnbmg the onentation with consid- 
erable exactness 

We regard it as an mterestmg fact that, for the first tune, a de- 
tailed account of a tropism is possible which is based upon expen- 
ments with a mammal This amounts to a sort of reversal of anthro- 
pomorphism, and constitutes a deaded obstacle for those who would 
emphasize the greater “simphaty” of lower animals The sunphaty 
of conduct which permits the mathemabcal formulation of a mode of 
beha\nor is not so much a matter of zoological affimty as it is of dy- 
namical sjTnmetrj' m the orgamsm and of the choice of expenmental 
condibons which permit the animal to display its potentiahbes as a 
machine 


n 

In order to record trails of geotropic onentation each rat was placed 
upon a fine-meshed wire gnd, which permitted a good foothold for 
crecpuig \Mien placed on the creeping plane the axis of the body 
wns at first horizontal, or, occasionally, with the head pomtmg down- 
ward The tilt of the wire surface was measured on a protractor 
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The angle 9 was measured when the annual had onented and was 
creepmg steadily The correspondence of the wire grid to coordinate 
p{^)er made it possible to copy the path upon record sheets The path 
was mdicated either by marking with chalk the position of the rat^s 
axis on the wire, or by plaang a straight-edge parallel to the arig 
The central stnpe due to the hooding factor fadhtated such procedure 
The path of orientation is a strai^t hne, as shown diagrammatically 
in Fig 1, unless, after 'hesitation/^ the rat veers to the opposite side— 
in which case the angle 9 is found to be the same 



Fio 1 Diagram allowing tenn* used In doenpbon of orienUtlon of rats creep- 
ing upon a wire grid Inclined at a to the horizontal The pontlon of orientation 
is dc&ned by the angle 9 the active component of gravity being G iln a As de- 
scribed in the tell the Path A may be rteaxiHy pursued or the animal may swing 
to one (B) equally inclined but In the opposite direction 

To obtain data which might be Icgltitimately averaged it is necessary 
to employ rats as closely comparable as possible. Two albino rats, 
aged 13 to 14 days, were used m obtaining the records In Fig 7 Those 
cmplo3red for the other measurements (Fig 2, etc.) were of different 
atock, but htter mates They were brothers of the seventh backcross 
generation of inbred albinos with a dark-eyed stock, and were 
therefore practically homozygous 
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The behavior of a rat creeping upon an inclined plane shows one 
striking pecuhanty It is well known that during the upward loco- 
motion of at least certain negatively geotropic animals the path of pro- 
gression, espeaally at mchnations less than 90°, may not be exactly 
normal to the mtersection of the creepmg plane with the horizontal 
As the mchnation is made less, the deviation from the normal increases 
This IS very obvious m the rats But there is to be added the further 
and very important fact that when a rat, at first placed head down- 
ward, or mth body axis horizontal, onents upward it does so until a 
certain quite defimte angle has been reached, and then progresses 
m a straight line If creepmg becomes mterrupted, the rat may show 
“nervous” random movements of the head In case these are directed 
doiNTiward, the rat contmues creepmg along the previous onented 
path But should they be directed upward, locomotion may be pur- 
sued at an angle which is exactly the converse of that at first followed 
Thus if the angle of onentation w'as at first 72° to the left, bnef creep- 
mg may be seen w'hich is more or less irregular but which becomes 
definite again either at 72° dt to the left, or at 72° ± to the nght {cf 
Fig 1) This clearly points to the hnutation of geotropic onentation 
by a certain threshold determmed through the distnbution of the 
gra\ntabonal effect upon the tw'O sides of the body We shall have 
occasion to return to this point subsequently 

The results summarized m Table I are denved from twenty tests 
at each inclmation, upon each of two rats from the same fitter In- 
di\adual quantitative differences undoubtedly exist between diverse 
genetic strains, but smee we are not concerned at the moment with 
this aspect of the matter we ha\ e restneted our account to illustrative 
matenal free from this source of confusion The mterpretation of data 
upon other indmduals is entirely consistent with that here detailed 
The entnes in Table I concern (1) the angle of mchnation (a) of the 
creeping plane to the horizontal, (2) the mean angle of onentation m 
the creeping plane (0), and (3) the measure of the vanabihty of 0, 
emplo\ing for this purpose the probable error (0 8534 Si'/nVw — l) 
expressed as a percentage of the mean 

It IS apparent from Table I that the degree of upward onentation 
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{d) increases steadily as the inclination of the creeping plane (a) is 
made greater, and also tliat the degree of scatter of the individual 
readings proportionately decreases — that is, the precision of the onen 
tation IS enhanced. The minimum mdination leadmg to a measurable 
effect hes between a -=« 10'* and a — 15° At 15° the variabihty of the 
measurements of 0 is disproportionately high, due presumably to the 
fact that the threshold effect is intrinsically vanable from moment to 
moment At values of a > 70°, onentation is precisely upward (0 — 
90°) 


TABLE I 

The mean an^cs of upward onenUtjon (fl) of young tuts during creeping upon a 
surface mclmed at angles (a) with the horiiontal, *uid the precision of the rcspec 
tive mean values of 0 The precision is expressed by the probable error as a per 
centage of the mean (which Is equi^Tilcnt to the coefficient of variation) 
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32 6° 

reread 
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44 5° 
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25 ' 

52 9° 

1 87 
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57 4° 

1 70 

35 

64 0° 

1 41 

40 

60 8° 

1 18 

50 

77 9° 

1 04 

60 

84 7° 


70 

S8 3° 

0^1 


The extent of orientation (B) is not directly proportional to the 
gravitional component m the creeping plane, but to its loganthm. 
The graph m Fig 2 shows that the equation 

0 -< JC^los (flu a) (1) 

gives a satisfactoiy account of the observations, the goodness of fit is 
probably due to the fact that the individuals used were very closely 
comparable 

The extent of orientation as a function of a has been measured m certain mot- 
hacs by Bavenport and Perkins (1897-98) and by Kaada (1916) In the fomer 
paper figures are given for the amount of orientation (a) corrected for random 
movement, which Is vrtible in Umax maxtmus after 45 seconds exposure x^xm an 
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inclined plane Essentially this method was also followed by Kanda (.1916), nho 
tabulated the percentage of Ltiiorina mdividuals oriented upward after 1 minute 
exposure At best, that is with full correction for movements not directed by 
geotropism, this procedure can give no quantitative expression for the geotropic 
exataUon, for we should need to have, rather, measurements of the times re- 
qmred to produce a given amoimt of onentation, expressed either as a constant 
angle (e) or as a certam percentage of mdividuals For this reason httle can be 
gotten from these data But it is perhaps significant that the amount of onenta- 
tion, when expressed m this way, mcreases more rapidly than log sm a (Fig 3), 



Fig 2 The angle of upward onentation (.fl) is directlv proportional to log sm a, 
where a is the mchnaUon of the creepmg surface With the excepUon of one pomt, 
the mean % alues of 0 do not depart from the hne drawn by more than theirprobable 
errors (The pomts are a\ erages of 40 measurements ) 

This could be understood if the speed of onentation, so measured, should depend 
upon two thmgs, namel> speed of creepmg and speed of tummg, and if each of 
these separate elements of the act of orientation (Arcy and Croner, 1921, Crozier 
and Cole, 1923) should be proportional to log sm a For the data of Davenport and 
Perkms this is ^-c^> ncarl> true for N’alucs of a abo\e 15°, and for Kanda’s figures 
below a = 67® :i:,butnoticn much weight can be gi\ en to the result 

The spid of upward creepmg is frequently governed by the mtcnsity of geo- 
trop'C cxatation, and m certam mstanccs can be measured as an mdex of the effect 
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of gravity Cole (1925-26) h« done tfah with Behx and concluded that the speed 
of movement, after orientation fa attained, variea as rin «. For the nt as we 
shall shonr presently, the \’eIocxty of upirard movement decreases as log sin a In 
creases. Question arises as to the existence of any real diSercnce bettreen the two 
cases We believe that there fa no real difference, because Cole s data show con 
siderahlc deviation from (sin eO at low values of a, and especfaHy for the reason 
that the ^)eed measured was that of the vertkal ascension. The significance of the 
latter point lies in the fact that the extent of the average oncntation (f, in the 



Fro 3 Curve A An^ of upward graviUtlonal orientation (fl corrected), 
for after 45 seconds (.datafrom Davenport and Pcrldns, 1897*98) Ordi- 

nate scale at the left 

Curve B One series of measurements 0 of percentages of oriented Individ 
uals after 1 ndnute (JUUtorino,) ordinate scale at the rlghL (Data from Kanda, 
1916) 

terms previously given) Increases with «. Therefore the apparent speed of mov^ 
ment, measured as described would probably be increased to an Illegitimate cxtenL 
The data as given show that for Eehx the *^^>eed of vertical travel increases 
faster than log iln a (Fig. 4) 

We have Bomewhat tegretted the form of the relation d -x jK’ log sin a, 
although there axe numerous instances of its apphcablhty to other 
types of rc^nae {cf Hecht, 1919-20, and m any further cases), partly 
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because of its distressing generahty, and partly because of its co mm on 
assoaation with the Weber-Fechner law The latter interpretation is 
frequently misleading (qf , espeaally, Hecht, 1923-24, 1924r-25, and, 
for the case of phototropism under balanced ill umin ation, Crozier, 



Fig 4 The speed of ascension of Hehx as related to the inclination (a) of the 
creeping surface (Data from Cole, 1925-26 ) 



Log sin a 


Fig 5 The decrease m the coefficient of vanabibty (px as per cent of the 
mean), of the measured values of 0 (*= angle of upward orientation) is propor- 
tional to log sin a 

1926-27) But until more is known of this particular phenomenon 
we may accept the formula as a convement empirical expression 
There is additional e\ndence of its apphcabihty If our conception 
of the onentation is correct, then as the gravitational effect is made 
greater the precision of the upwardly directed movement should be- 
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come corre^ndingly enhanced This may be investigated by com 
panng the numcncal expressions for vanabihty of as measured at 
each value of a If the reduction of vanabihty (V) is proportional 
to the gravitational stimulus, then 

— 7 iC log sin a (2) 

Fig S shows that this relationship is wcH satisfied, with the exception 
of the relatively very large variability at a 15®, the deviation here 
is certainly due to the fact that this mclination is very dose to the 
threshold value for any geotropic effect, as already stated Thus not 
only the ampUtude or extent, but also the preosiou of the orientation 
IS determined by the loganthm of the component of gravity actmg 
in the plane of creeping 

IV 

In searching for some due as to the ongm of the logarithmic relation 
between gravitational stimulus and geotropic reqwnse we have noted 
that if attention be paid to the process of creeping dunng onentahon 
still another relationslup emerges. Until a constant value of 0 is at- 
tained upon a sloping surface the rat is chiefly puUtd upward by the 
forward leg of one side of the body and pushed upward by the leg of the 
opposite Bide, which is less extended When 6 becomes constant the 
turning moment vanishes We may consider, roughly and very 
cruddy, that the onentmg power is derived from the actions of levers 
on the opposite sides, and that the lever arm (x) on the “down’^ mde 
is shorter thnn that (y) on the ‘flip” side Then the torque is respon- 
sible for turning upward When the critical angle of onentation is 
exceeded, the locomotor action on the two sides of the body becomes 
equalized, so that if this value of 0 is definitely exceeded (i e , beyond 
a fluctuating zone, of mcreasmg smallness as a is made larger), the rat 
is no more constiamed than upon a horizontal surface, and is free 
to turn, should it chance to do so, until an equivalent 0 is reached on 
the other side of the perpendicular We have already described pre- 
cisely this behavior In the hne of progression defined by 0, the loco- 
motor effectiveness of the opposed limbs is just barely idcnticaL This 
means that if we assume the axes of the legs to have mean positions 
perpendicular to that of the body, then (a; cos 0 — y cos 0) exactly 
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balances the total downward pull of the animal’s weight, where x and 
Are the “lengths” of the legs as levers on the two sides Hence, 

(x 7) COS 0 « G sm a. 


f Fig 6 The cosme of the angle of upward onentation ( b ) decreases in direct 
proportion to the sine of the angle of inclination (a) of the creeping plane 

It was pointed out previously that the legs on the upward side are of 
course more extended, hence, y > x, and if (x - y) is constant for aU 
magmtudes of 6, we ha\ e 

— cos 6 •=> K sm a fi\ 
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This relationship is in fact diqila}^, "with imeipccted exactness, 
as shown in Fig 6, and gives an independent means of checking the 
significance of the data summarised in Table I The constancy of the 
quantity labelled (x — y), derived from the appbcabflity of (3), at once 
suggests that the difference between the work done by the limbs of the 
two sides of the body in hftmg the animal's weight must be reduced 
to constant fraction of the total before a stable orientation Is attainable 
This does not explain, of course, why the animal onents upward rather 
than downward, which may be detenmned by the inner ears, but it 
does exp lain why the ampUtude of onentation attains its particular 
values as the mchnation of the surface is vaned, and m our opinion 
it gives an excellent illustration of the musde-tension theory of 
onentation 

V 

From Fig 6, by extrapolation to cos 6 — 1, it is found that the ideal 
threshold value of a is at about 6^, at this pomt the component of 
gravity m the plane so slightly tilted is 0 113 C? Eapenmentally, so- 
far as can be determined, the threshold angle is higher than this- 
(10-15°) Hence we may assume, very roughly, because the extra- 
polation is probably mvahd, that when the ratio of the loads on the 
two sides of the body falls below 10 9, no further onentation occurs 
From the derivation of equation (3), 

(* — >)co*9» TFGiina 

cos 0 W G 
tin a (* — j)' 

It follows that if the weight, TF G, be increased by attaching an addi- 
tional load with thread to the animal's tail, then, at a given value of or 
and of 0, the product (x — y) cos 0 must be larger The effect of adding 
such loads is to increase the magmtude of 0, hence it would be expected,, 
from the formula, that (x ~ y) must increase The fact is that the 
locomotion is more labored with added weights attached, and the 
Innbs, espeoally on the upward ode, do become more extended — 
hence there is good evidence for the occurrence of a change corre- 
Bponding to an increase in the value of (x — y) The velocity of creep- 
ing is decreased in proportion to the added load 
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It IS of greater interest to see the effect of additional weights upon 
the extent of the upward onentation (d) If the effect were a purely 
mechanical one we would expect to ffad 6 increased in direct proportion 
to the added weight But from equation (1), 

0 ^ K log sin a, 

we should expect the change to be such that 

B = K (log sin a + log TT'’ sm c), (4) 

where W is the added mass, and, when a is constant, B should mcrease 
as log W Fig 7 shows that it does The addition of as httle as 1 0 



Tig 7 The angle of upward onentation is proportional to the loganthm of the 
TTific-; added to the tad of the rat, uhen the inclination of the creeping plane is 
constant 

gm mcreases the upv/ard onentation somewhat It is worth while 
to mvestigate more fully the relations between B, a, added load, and 
rate of locomotion, and m a later paper it is proposed to do so 

VI 

SUMMARY 

Young rats, old enough to creep well but before the eyehds are 
open, oncnt and mo\ e upward upon an in clin ed surface The angle of 
gcotropic orientation on such a surface (0) is proportional to the 
loganthm of the component of g^a^nty parallel to the inclined plane 
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T1u 3 result Is compared with the scanty information available for 
other animals , there is indication that it may be generally valid The 
precision of the orientation, measured by the percentage dispersion 
of the mdividual measurements, also increases m proportion to the 
logarithm of this component The cosme of the angle of orientation 
decreases very nearly in proportion to the sme of the angle of inclina- 
tion A possible interpretation of this is given as involving the idea 
that upward orientation ceases when the differential pull of the body 
weight upon the opposed legs reaches a threshold value Attaching 
weights (T7) to the tail causes 0 to mcrcase, and m proportion to log W 
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THE PENETRATION OF BASIC EYE INTO NTTELLA AND 
VALONIA IN THE PRESENCE OF CERTAIN ACIDS, 
BUFFER MIXTURES, AND SALTS 

By MARIAN IRWIN 

{^rom the Laboratories of The Rock^eUer ImtUuUfor Medical Research ) 
(Accepted for publication, October 7, 1926 ) 

I. 

INTRODUCTION 

It has been shown that the pH value of the cell sap plays* an im- 
portant rAle In the accumulation of the basic dye, briHiant cresyl 
blue, m the Imng ccU of NtUlh^ and in view of this it is important 
to study the changes in the rate of penetration produced by varying 
the pH value of the sap Experiments of this sort, made by Me 
Cutcheon and Lucke,* and by the writer,* showed that the penetra- 
tion of ammonia increases the pH value of the sap and decreases the 
rate of penetration of the dye. 

The present paper deals with expenments on the rate of penetra 
tion of the dye in presence of adds and buffer mixtures. These 
expenments are of mtcrest m connection with the hypothesisM that 
brilliant cresyl blue exists in aqueous solution in two forms, called 
for convenience DB and DS DB, the form which predominates at 
higher pH values, represents a free base while DS exists predomi 
nantly at lower pH values and is a dissociated salL A normal hving 
cell of NsteRa is assumed to bo chiefly permeable to DB and only 
very shghtly permeable to DS The present problem is to find the 
nature of the factors controlling the penetration of DB 

* Inriii, IrL, / Go* Physiol^ 1925-26, Ix, 561 

»McCutcheoii,M, nudLudte,B.,/ Gen PAyw/ , 1925-24 vi 501 

> Irwin, M , / Got. Physseln 1925^6 vffl, 147 

* Irwin, M., J Ceru Pkynei , 1926-27 x, 75 
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n 

Methods 

Only general methods will be given here special methods for each set of experi- 
ments will be described m connection with the results 

The experiments were earned out in an meubator at 25°C ±0 5° havmg air 
holes through which diffused hght entered 

Only hvmg cells were used In order to obtain cells m the same condition for 
experimentation uniformity as to length, thickness, and external appearance was 
attended to In the case of Nttcllafiextlts the cells used were taken from the cen- 
tral portion of the plant, midway between the tip and the root Seasonal changes 
bnng about differences m the permeabihty of the cells, so that a senes of compara- 
tive experiments were made on the same lot of cells collected withm a short period 
(near New York in spring unless otherwise stated) 

A control experiment was always earned out by removmg cells directly from 
tap water and placing them in the same dye solubon as m the case of the test 
experiment (m which the cells were given some special treatment before being 
placed m the dye) The rate of penetration obtamed from the control experiment 
was used as a standard of comparison m order to determme the change in the rate 
of penetration of the dye caused by varymg the media m which the cells were 
placed previous to exposure to the dye solubon 

Every determinabon given represents an average of over 60 experiments and 
the probable error of the mean is m all cases less than 7 per cent of the mean 
In the case of Valoma 7mcrophysa (collected m Bermuda), the procedure was 
as follow's The clusters of cells were pulled apart and the individual cells were 
allowed to stand m pans of sea water (w^hich was changed daily) for over 2 weeks 
m the laboratory (exposed dunng the day to diffused hght) Durmg this period 
the cell wall at the pomt of detachment thickened somewhat This precaubon 
was taken to dimmish irregularity m the rate of penebabon and the suscepb- 
bilit\ of cells to injuiy' upon exposure to solubons 

Small cells (each ha\nng a \olumc of about 0 1 cc ) with one pomt of detach- 
ment, and ha\nng pracUcallj no attached cells, were chosen Care was taken to 
rcrao\ e adhering organisms or deposits from the surface of the cell 

The dctccbon of an early stage of reversible injury is a very difficult matter, 
especialK with Valojua In the case of Ntlclla an increase in the rate of accumu- 
labon of the d\ e ma\ scr\ e as an indicabon of a preliminary stage of an injury 
under certnm condibons but this does not seem to be markedly evident in Valonta 
The exit of halides from the \ acuole of or the entrance^ ® of SO 4 into Valottta 

seems to mdicate ad\ anced stages of mjury 


® 0 ^terhout,^\ J \ Gen , 1925--26, viu, 131 

05tcrhout,\\ J \ , and Dorcas, M ) ,J Gen P/oW , 1925-26, ix, 255 
< Brooks, M M,An J P/>iio/ , 1926, kxvn, 360 
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OHs In good condition are turgid a* they becoane injured the turgidJty di 
mmfahes. An experienced ciperfmentex ctn, to a certain extent, predict the 
degree of rexlstancc of the cells of J^Uella and Vclmia to experimental treatment 
by the tingldlty as ascertained by touching them, This method -was used by the 
writer as a rough guide to the condition of the ceUa but it does not servo to tdl 
whether injury is re veii ible. The criterion of IrrcvcrsibiHty of injury employed 
by the writer was as followB cells which had been exposed to experimental con 
dltions were replaced b the normal medium (Witc/Ai In tap water VaUmia b sea 
water) and at btcrvals during 2 days the rate of mortality was compared with 
that of the control cells (without exposure to experimental conditions) The 
criterion of death was a cocapletc and pennanent Joss of turgidity, and 

for 1 ohwn either a complete collapse of the cell or disarrangement of chlorophyll 
and Its appearance b the vacuole, so that the greater part of the cell surface ap- 
peared colorlesa. Another test of the condltioa of the celli is to observe the 
length of time it takes for them to die in the expenmeotal solutions. 

It is not possible, however to determbe experimentally whether the cell was 
bjored at the time of experiment unless the bjury happened to be irreversible. 
By using these tests on attempt waa made to keep the crils uniform during the 
cqierlmentB. 

The <Iye used waa made by GrUbler and was dissolved m buffer solutions 
(ir/15D) b the case of NticUa and m sea water b the case of Valonia The pH 
values of the sobtions determined colorimetricaDy were checked as much as pos- 
sible by means of the hydrogen electrode, Sohitkms were not stirred unless 
otherwise stated. 

The determination of the concentration of the dye b the sap was made colon- 
mctricaHy WlthNUsUo the cell was gently wbed and was cut at one end, so that 
the sap could be squeezed out onto a glass slide. With Vahma the surface of the 
cell was punctured with a sharp cmpIUaiy tube and the sap was drawn up from the 
vacuole mto the tube from which it was pushed out onto a glass slide. In both 
cases the sap was drawn up mto capIDaty tubes and the color waa matched with 
capiUaiy tubes of the ** 01 ^ diameter containing standard dye solutions. 

To determine the pH value of the lap a definite volume waa taken by fillin g 
a tube for 2 bches with the sap Indicator solution was drawn up bto another 
tube for n distance of Vs oi Th^ contents of both these tubes were pushed 

out onto a glass slide and thoroughly mixed. This mixture was then drawn up 
bto a caplllaiy tube and the color matched with that of the capiUaiy tube contain 
bg a mixture of standard buffer sobtlon at a known pH vabe and the same 
amount of the bdicator (the mixture was prepared b the same manner os b the 
case of the sap) Care was taken to have the least possible contambadon of the 
sap by COj from the breath of the experimenter as well as to prevent escape of 
COi bto the ab as far as possible. 

The color of the mdicatorB changed on standing m a buffer sobtion containing 
artificial Vdonta sap, and also on standbg b the natural expressed sap but the 
color of the bdicators did not change during the time required to detennine the 
pH vabe of the sap 
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The salts in the sap of Niklla (about 0 1 m hahdes) do not seem to affect the 
indicator seriously, but those m the sap of Valonta (about 0 6 m halides) have a 
very definite effect In view of the fact that we know so very httle about the salt 
error m general, and possible specific effects of individual salts on these indicators, 
it will be necessary to study this question carefully before absolute pH values 
of the sap of Valonta can be given 

Another possible source of error in the case of Valonta is that the sap is so httle 
buffered that an addition of indicator solution may bnng about a change m the 
pH value of the sap, careful experiments must therefore be made to avoid this error 
On the other hand, the sap of the Ntklla used by the writer is buffered so that 
this source of error may be negbgible, Smce only approximate and relative values 
are desired the pH values of the sap of Valonta and Ntklla given m this paper 
represent values without a correction for salt error, detenruned by means of one 
concentration of mdicator dissolved m distilled water of pH 5 8 (approximately 
the pH value of the sap), or mdicator dissolved m alcohol (methyl red) For one 
series of changes m the pH values^only one mdicator is used For example, when 
experiments were made by exposmg cells to a solution of NH 4 CI, brom-cresol pur- 
ple was used m the case of cells placed m acid solutions methyl red was used 
Brom-cresol green was used to check the values obtamed with methyl red, but 
m view of the fact that the color above pH 5 2 was not satisfactorily matched, 
only a very rough estimation of the pH value of the normal sap could be made 
by this mdicator Each mdicator is taken from the same stock solution for each 
senes of experiments 


in 

The Decrease in the Rate of Penelraiton of Dye When the pH Value 
of the Sap Is Lowered by Entrance of Acettc Acid 

The cells were divided into four lots One lot was placed in an ace- 
tate buffer mixture at pH 5 1, and at the end of 10 nnnutes the pH 
\mlue of the sap was compared colonmetncally with that of the nor- 
mal cell sap It was found to have decreased^ from pH 5 5 (normal) 
to pH 4 9 

^ It ma> be added here that these experiments show that acetic acid enters the 
\'acuolc rather easil> from an acetate buffer mixture and decreases the pH value 
of the sap until the mtemal pH \'alue is less than the external This agrees with 
the results obtamed b\ man> in\esUgatorsshowmgthat weak acids enter the hvmg 

cells The venter’s experiments also show that the pH value of the sap may be 
raised again when aceuc acid is allowed to come out of the vacuole by placmg the 
cells m a soluUon contammg no aceUc acid (the more alkalme the external pH 
%*alue, the rao-c rapii is the rate of exit of aceUc acid from the vacuole) 
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The second lot of cells was placed in the acetate buffer mixture at 
pH 5 1, and after 10 minutes they were removed, wiped, rinsed for 
5 seconds m phosphate buffer mixture at pH 6 6, wiped, and placed m 
fresh phosphate buffer mixture at pH 6 6 After 1 mmutc the cells 
were removed, and the pH of the sap was detemuned It was found 
to be pH 5 2, which is 0 3 pH lower than that of the normal ceU sap 

TABLE 1. 

Comparison of the amount of brilliant crcsyi blue In the vacuole •when the liv 
Ing cells of Niklla are placed for 1 minute m 0 00035 M dye jolution at pH 6 6 
(u/lSO phosphate buffer mixture) after previous exposure to u/150 acetate buffer 
solution at pH 5 1 for different lengths of time. The rate of penetration of dye 
m the case of cells directly transferred from the tap Tratcr to the dye sohibon fa 
used as the standard of compansoiu 



1 

la tapnto 

atp6rJ 

InaataU 
boScr •ehiUoa ^ 

In acetalt 
bofltf Kbttkn 
laOn. 

In aottaU 
baler •ehttJoB 
lOada. 

When dya solu- 

tion U not ' 
idnador | 

changed. 

Amount of dyt 

in tap 



ir 

0 000069 

U 

0 000037 

PocenUge dc- 
create on 
basis of 

0 000073 at 
itandard. 


5 percent 

5 per cent 

SO per cent 

Whtndyaiohi 

UonUBthitd 

Amount of dye 
Inaap 

11 j 
0 00012 1 



u 

0 0000S6 

and changed 
every S lec, 

1 

Percentage de- 
oeaie on 

bailt of 

0 00012 at 
standard 




1 47 per cent 


The third lot of cells was first exposed to the acetate buffer solu- 
tion at pH 5 1 for 10 nunutes, after which they were removed, wiped, 
washed for S seconds in phosphate buffer mixture at pH 6 6, ogam 
wiped, and placed in the 0 00035 u dye solution at pH 6 6 (phos- 
phate buffer mixture) After 1 minute they were removed from the 
dye solution and the concentration of the dye in the sap was deter- 
mmed colonmetncally, and was found to be 0 000037 k 
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The fourth lot of cells was taken directly from the tap water (at 
pH 7 7) and placed m the same dye solution as the third lot of cells 
At the end of 1 mmute the concentration of the dye m the sap was 
found to be 0 000073 M 

Cells thus treated did not hve so well as the control cells when re- 
placed in tap water so that m all probabihty they were more or less 
mjured, but durmg the experiment the actual appearance of the cells, 
m respect to chlorophyll arrangement and turgidity, seemed about 
the same as that of control cells except that the sap appeared slightly 
murky Cells kept continuously in the acetate buffer solution began 
to die m about 3 hours, so that after an exposure of 10 minutes there 
may have been a very shght mjury 

Thus these experiments show that the decrease m the pH value of 
the sap brought about by acetic acid may be associated with a de- 
crease®*'’ m the rate of penetration of dye amounting to about 50 
per cent, as shown in Table I 

This fact IS of particular mterest m connection with the theory*.^ 
that the dye is chiefly m the form of free base (for convemence called 
DB), at high pH values, and that this cdone can penetrate the proto 

® This decrease m the rate of penetration of dye is not due to the lowering of pH 
\aluc of the external solution immediately surroundmg the cell wall as a result of 
diffusion of acetic acid from the vacuole, because when the experiment is repeated 
bj stimng the external solution, the relative amount of decrease in the rate is 
about the same as when the external solution is not stirred, as shown m Table I 
Furthermore, this decrease is not caused by the adhenng of acebc acid to the sur- 
face of cell wall m such a manner that it cannot be removed by washmg and wnp- 
mg before the cells arc placed m the dye solution, because when the cells are placed 
in the d>e solution, after they have been dipped m the acetate buffer solution 
onl> for 5 seconds or for 1 minute instead of 10 minutes, durmg which exposure 
the pH \-alue of the sap remams normal, there is no decrease m the rate of penetra- 
tion of d> c, as shown m Table I 

* This result is contrarj to the result obtamed with Cambndge Nitella prc- 
xnoush described (Irwm, M , J Gen Pkystol , 1925-26, ix, 566, Foot-note 11) 
where an mcrcase m the rate of penetration took place, but the extent of this m- 
crease w as not so great (about 25 per cent) Smee this w ork on Cambndge 
was done in midwmtcr, the experiments were repeated with the cells obtamed 
in the summer, and it was found that m the majoritj of cases a decrease took place 
(about 25 per cent) , which is less than the decrease m the case of New York Ntlella 
Such a duTerence m the bebaxior of cells ma> be due to the difference m the condi- 
tion of the p'Otoplasm 
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plasm and enter the vacuole, and that the extent of accumulation 
of the total dye is dependent on the extent of change of this form, 
BB, on entering the vacuole into another form, DS, which cannot 
pass through the protoplasm In that case we might expect the rate 
of penetration into the vacuole to be increased when the pH valueof the 
sap IS decreased, since with this decrease m the pH value of the sap the 
ratio of BB/BS decreases in the sap so that as BB enters the vacuole 
more of it wiU change to BS, thus causing more BB to enter But 
amce the experimental results give evidence to the contrary it is evi 
dent that the factor which controls the rate of penetrabon of dye mto 
the vacuole cannot be wholly dependent on the condition of the sap 
Under the present experimental conditions the rate of penetration 
of the dye must be controlled primarily by the effect of the acetate 
buffer on some other part of the cell A senes of expenments was 
therefore undertaken to determme the cause of this decrease m the 
rate of penetration of dyt Into the vacuole. 

IV 

Can the Decrease tn the Rate of Peftetratum of {he Dye he Produced 
withmtt Change tu the pH Value of the Sap? 

If the theory^ outlined in Sections I and m were correct we might 
assume that the decrease in the rate of penetration of dye associated 
with a decrease m the pH value is due to a change either at the 
surface or inside the protoplasm caused by the acetate buffer mix- 
ture In that case we might very well e:q3ect a decrease m the 
rate of penetration when the ceUs are eiqx)sed^“ to the solution only 
long enough for the protoplasmic surface or the mtenor of the proto- 
plasm to be affected before a change in the pH value of the sap occurs 
Unfortunately it la not possible to use the acetate buffer solution for 
this purpose since the pH value of the sap changes after a very few 

The detailed deacriptlon of the method of experimentation will be omitted 
hereafter since It fa given m Section HL It may be repeated here that in all cases 
the cell* were washed for about 5 second* In a buffer solution at the same pH value 
as that of the dye solution before they were placed m the dye solution and the cells 
were Invariably wiped before they were placed in any lohition. Celb were exposed 
for 1 minute m the solution of dye 0iKX)35 H made up with phosphate buffer 
mixture at pH 6 6 unless otherwise stated. i 



Amount of dje in sip 

r 

1 

0 OOtKjTJ 

i If 

f n c»vii ; 

1 M 

f 0 

Percentage decrease on ba*sih of 0 000073 as 
standard 

1 

A7 pc cr"t 

j 4 1 ; ^ c^''* 


amount of decrease*^ m the rate of penetration v hetJier the pll \alue 
of tlic sap IS lo\\crcd or remains normal 'i he mortaht\ of the cells 
thus treated is lower tlian tliat of the cells cxjwscd to the aictUe 
buffer mixture 

Smcc there is about Uic same amount of (kcrcasc m the rite of peictrilion 
of dye whether thcpll lalueof Uic sip is dccrtiscd or not, such a (tecnisccinnot 
be due pnmanb to the decreasing of the pll \aluc of the film^ of liquid betucen 
the protoplasmic surface and the cell uall ns result of difTusion of acetic acid from 
the vacuole into Uie film Ihis film is the onh part of the external s\stcm uhich 
affects penetration since it alone determines the number of d\e moIccuK-> striking 
the protoplasmic surface Ihc condition of the external solution ma\ he rtg irdetl 
as of importance only in so far ns it affects Uus film 
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V 

Is the Decrease vi the Rate of Peiieiration of the Dye Due to the Effect 
of n Ions on the Surface or to Thetr Penetration (ff^ lonP) 
or to the Entrance of Adds m Undtssoaated Form? 

The decrease in the rate just described was about the same whether 
the pH value of the sap was lowered or not, and this suggests that 
the decrease m the rate might be due to the direct action of H ions 
on the surface or their penetration as ions when the pH value of the 
external solubon changed from pH 7 7 (tap water) to pH 5 4 (buf- 
fer soluhons) If this assumpbon were correct we might capect the 
rate of penetrabon to be about the same whether the cells were pre 
viously exposed to tap water, to phosphate, or to borate buffer solu- 
tions at pH 7 7 providing equal numbers of hydrogen or hydroxyl 
ions enter m each case. 

In order to test this the rates of penetrabon of dye were compared 
among the three groups of cells previously placed*® for 10 nunutes (1) 
in tap water (control), (2) in phosphate buffer solubon, and (3) m 
borate buffer solubon, all at pH 7 7, and it was found (as shown in 
Table IH) that with phosphate buffer solubon there was about 30 
per cent less dye m the vacuole than in the case of the control, and 
with borate buffer about 13 per cent less dye (which may not bo 
significant smee the probable error of the mean is rather hi^) 

The experiments were extended to hi^ier pH values, pH 8 1 and 
7 3, and it was found, as shown m Table HI, that the rate of pene- 
trabon of dye IS again lower m the case of cells previously exposed** to 
the phosphate buffer solubon than that m the case of cells exposed 
to the borate solution Such a difference in behavior between the 
borate and the phosphate buffer mixtures cannot be due to the effect 
of H or OH ions as such on the ccH, amce the pH value is the same in 
both these solutions 

Other experiments arc therefore needed to determine just what 
causes this difference. 

This difference between the phosphates and the borates, as affecting 
the rate of penetration of dye, is not due to the difference m the effect** 

** It Is not possible, tmfortxmfttely to determine if there Is an effect of acetate 
buffer mixture on the dye, since it fa fanpoisible to determine the penetration of dye 
at a pH value lower than pH 6 J in the case of NtUUty, 



280 


mX PENXTRATION \MTU ACID5, BUEFErS, S \LT=; 


of these buffer mixtures direct!} on the d}e, as is pro\cd b} the fact 
that vhen the cells arc transferred*® direct!} from the tap "Aatcr to 

TABLE nr 

Comparison of the amount of brilliant crc^l blue n the Mcuole of h n" cclk 
of NilcUa, \\hcn cells were pre^nousK exposed to m/150 bontc -'nd p'-osp^alc 
buffer solutions at different pH \alucs for 10 minutes after which t}ie\ wc-c p*"'ccd 
for 1 minute m 0 00035 m d>c solution at pH 6 6 (i /ISO pho'phatc buffc' mixture) 


Eitcnul solulioas. 

In tin 
water t 
pll 7 7 ' 

In 

rJiv abater 
ln.J r 
fo’j m 

at pH 7 • 

In b'-m e 

to ^ 

pH 7 ' 

In 

t 

t 

t * 1 

1 I- Ir'-^ • 

1 1 r-T 

1 in 

|a rU f 1 

1 

Amount of d> c m sap 

tf 

0 000079 

1 1' 1 11 
|0 000055 0 000069 

1 

ll \ M 

p 0000*9 0 0X079 
' 1 

Percentage decrease on basis of 0 000079 
as standard I 


30 per ; 
cent 1 

13 per 
cent 

26 pc* 
cent 

1 

1 0 
cent 


ExIcttiaI folations. 

In 

pb«nJiatc 
buHer 
solution 
at pU 7 3 

In \y^ e 
b jHer 
solution 
at pll 7J 

In 

pb-rnha^c 

bjJcr 

soluaon 

at pU 6 6 

\ In t'-m c 
i bail^ 

! ^’jinn 
at pll S 7 


Amount of dye in sap 

0 000052 

0 000009 

0 00004S 

0 000070 

1 

Percentage decrease on basis of 0 000079 
as standard 

35 per 
cent 

13 per 
cent 

39 per 
cent 

0 per 
cent 



TABLE IV 

Comparison of the amount of brilliant cres)l blue m the sap after 1 mmute in 
0 00017 M dye solutions at pH 7 7 made up with different buffer mixtures (m/150) 


External dye soluUoni, 

Borate bufler 
mixture 

Phosp^tc (ordinain ) 
NaiHPOi+KHiPOi 

Phosnhatc (bdanc K) 
NajUP04+NaH,104 

Amount of dye m sap 

M 

0 00041 

M 

0 00035 

M 

0 00040 


the dye solution at pH 7 7 made up (1) ivith borate buffer mixture 
and (2) with phosphate buffer mixture, the rate of penetration of the 
dye IS the same, as shown m Table IV 
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This difference furthermore is not due to a specific action of the K 
in the phosphate buffer mixture since the experiments were repeated'* 
with the solution made up with NajHPO* containing NaHjPOi 
instead of KHtPO<, at pH 5 4 and 7 7 and the same result was obtained, 
as shown in Table V 


TABLE V 

CotBparison of the imount of hrillitnt cre^d blue in the vacuole of IMng cells 
of NtUlla alter 1 minute eipoturo to 0 00055 m dye sohitlou at pH 6.6 (m/150 
phosphate buffer mixture) foflowinj a 10 minute exposure to the M/ISO phos- 
phate buffer miitum consisting of NajHPO* and dthcr KHjPOi or NaHiPO* 


ExUtwl nlollooi. 

la tap 
w*Ut at 
pH77 

Ib 

KatHTOi 

Karo* 

it pH 7 7 

U 

KitHPO, 

NiAro* 

ttpBTT 

la 

atpHf.4. 

la 

K«Hr04 

kt pU X.4 

Amount of dyu In sap^ 



PH 

u 

0 000W8 


Percentage decrease vlth O.OOOOS4 cs 
standard 


33 per 
cent 

29 per 
cent 

42 per 
cent 

42 per 
cent 


TABLE VL 


Comparison of amount of brilliant cresyl blue in the vacuole when ceffs of Nitdhx 
(autumn) arc placed in 0 00004 M d>*o solution (stirred) at pH 7 7 (m/150 borate buf 
fer) for } minute, after they have been exposed for 10 minutes to various solutions. 


Extttnl •oloHon. 

B 

pHfJ. 

Hrdro- 

cUtaksdd; 

pHiX. 

Bdd 

PB4-S. 

PlMSdblt* 

txdlcr 

pHS.4 

Dye In sap. 


U 

0 000076 

PI 

Amm 

M 

0 00005S 

Pi 

mssa 

Percentage deemit on basis of OlOOO 072 
as itandaitL. 


5 per 
cent In- 
crease (?) 

5 per 
cent I 

20 per 
cent 

42 per 
cent 


The inhibitmg effect of phosphate buffer mixtures fs greater the 
lower the pH value, m shown in Table m It may be that this is 
due to the greater amount of phosphoric add present m the buffer 
mixture, If we assume that as a weak add it penetrates the proto- 
plasm as undissociated molecules and dissociates after entering and 
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lovrers the pH value of the protoplasm, so that vrhen cells are suhse- 
quentlyplaced in a dye solution there 'will he less DB (siuce DB changes 
to DS more at a lo"!! pH -value) in the protoplasm than in the case of 
the control -which are transferred directly from tap -water to the 
dye solution The rate of penetration of DB from the protoplasm to 
the -vacuole -will therefore be less than in the case of the control cells 

This assumption’® is partly supported by the folio-wing result. When 
the cells’® are exposed for 10 minutes to three separate solutions, (1) 
hydrochloric aad, (2) boric add, (3) phosphoric add, all at pH 4.S, 
and then placed in the dye solution’* (borate) for § mmute, the rate 
of penetration of dye (as compared -with that of the control cells, 
■which are transferred directly from tap water to the same dye solu- 
tion) m the case of hydrochloric aad and bone add is about the same 
as that of the controL This mdicates that H ions do not affect’* the 
cell and that if bone aad enters the cell as imdisso dated molecules it 
does not afterward dissociate sufnaently to lower the pH value to 
an^T appreciable degree Phosphoric aad behaves differently in that 
the rate of penetration of the dye in the case of the cells exposed 
pre-dously to this aad is found to be about 20 per cent lower than 
that of the control, which mdicates that phosphonc add enters the 

** There are several other possible e.rnlanations, for example 

(1) On the basis that phosphonc aad enters more rapidly than bone. We are 
unable to prove this espenmentally, for which reason the explanation described 
m the text is used instead. 

(2) On the basis that a weak aad enters the protoplasm as rmdissociated mole- 

cule and by dissoaatmg lowers the pH valne of the protoplasm and that when snch 
cells are remo-v ed from the bufier solution to the dye solution, the -veak add dmuses 
out from the protoplasm mto the nhn of hgmd between the protoplasmic surface 
and the cell wall, and lowers the pH -value oi the 51m thereby decreasmg the ratio 
of DS /DS m the 51m This -will e xpla i n the diSerence between boric aad and 
phosphonc aad, m that bone aad does not change the pH value oi the 5hn smee 
It is too weak an aad, while phosphonc aad is suSaentlj strong to bnng about 
this change. But this assumption is not so satisfactory as the one described m the 
text when we consider the fact that there is an mhibitmg effect on the rate of pene- 
tration of dye e\ en mth cells previousl}' exposed to a phosphate buffer solution at 
pH S 1 and then placed m aye solunon at much lower pH value (pH 6 6) In such 
a d^ e solution one would expect further entrance of phosphonc aad mto the cell, 
rather exit of the aad from the protoplasm to the ertenor of the ri^Tl These 

ryP;; were collected m autumn. 

The dye solubon tvas sorred. At a lower pH value both phosphonc aad and 
hydrochlonc acd have an inhfDitmg effect which is greater m the case oi the 
former 
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protoplasm and then dissociates sufficiently to lower the pH value or 
else that it has a specific effect on the surface (Teffile VI) 

The cause of the decrease brought about by the phosphate buffer 
mixture may be threefold, (1) due to undissodated phosphonc aad, 
(2) due to the Na and K. salts present in the buffer mixture, and (3) 
due possibly to certain anions 

It may be of interest to add here the following When cells (col 
lected in Cambndge) are exposed for 10 nunutes to solutions at dif 
ferent concentrations (0 OSutoO 006 u) of NaCl, laCl, KQ, NatSO^, 
and NaNOj made up in distilled water, after which they are washed 
in distilled wafer for 5 seconds, wiped, and are placed m 0 00014 u 
d3re solution at pH 7 7 (borate buffer mixture) for 1 minute, the rate 
of penetration is considerably decreased as compared with the controh 
If cells are placed directly for 1 nunute (without such treatment) in 
0 00014 IT dye solution at pH 7 7 (borate buffer mixture) containing 
any one of these salts, the rate is found to be shghtly hi^er than 
in the case of cells placed in dye solution containing no salt 

Solutions of MgCI*, MgSO^, CaClf, LaCh, and LaNO* all behave 
ahke, m that when cells arc exposed to these solutions for 10 mmutes 
and then transferred to the dye solution, the rate of penetration of 
dye is about the same os the control. When cells are placed without 
such treatment in dye solutions containing any one of these salts 
(LaCh omitted), the rate Is found to be somewhat higher than that 
of the control 

Thus there is evidence for the inhibiting effect^* of the salts with 

** The experiments described Ja the text tsec Tabic O) show that the borate 
buffer mixtures have no inhlbJdng effect on the rate oi penetmtlon of d>e. In 
view of the fset that the borate buffer mixtures at higher pH value* contain a 
considerable amount of Na, there ii on apparent dijciepcuicy between the reaulu 
obtained In thii case and those in the case of Nad solutions in which there Is a 
considerable inhibiting effect due to the presence of Na (this discrepancy rmt 
mentioned in the writer^a previon* paper (Irwin II Pw Soc Exp Biol end 
ZXed 1 192d, xxiv Na 1)) Thi* however maybe due to the fact that in the case 
ofcelisprevimaly cjqposed totheboratebuffer mfxturcsthedjTwasmadc up with 
phosphate buffer mikure* which seem to diminish the Inhibiting effect of No, 
while in tlie case of cells previously expoted to Nad solution* the dye used was 
made up with borate buffer mixturo which does not seem to have this effect, 
ThcfoBowingcipcrimentsmay mate this clear Wlien cell* previously exposed to 
(1) Offl It Nad and (2) to 0 005 u sodium borate tohiUoas for 10 minutes were 
w^ed for 5 seconds In distilled water wiped, and placed In 0 00014 m dye sohi 
tlon at pH 7 7 (borate buffer mlxtureO, there is a considerable Inhibiting effect 
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monovalent base cations which is not easily reversible, smce the ef- 
fect may be brought about by placing the cells m 0 01 m NaCl solu- 
tion for 5 minutes, but this effect does not disappear after the cells 
have been transferred to distilled water and left for over an hour 
This effect, however, may be readily removed if cells are placed m 
a solution of salt with bivalent or tnvalent cations, such as MgCU 
and LaCls at certam concentrations 
Further experiments are bemg earned out on this subject by the 
wnter 


VI 

Expenvtenis on Valoma 

The experiments have been repeated with Valoma macrophysa 
but the results desenbed below are approximate and show only rela- 
tive values, owmg to the fact that the pH value of the sap cannot be 
accurately determined without speaal experiments and that the 
sea water not only shifts the dissoaation constant considerably, 
but seems to change the nature of the dye, espeaally at lower pH 
values 

A The Effect of Aqueous Aviinoma (Free and Combined) — Smce 
the method of determmmg the change m the pH value after placmg 
cells m solutions has been desenbed m detail m Section H, it will be 
omitted here ^Vhen cells of Valoma were placed for 1 hour m sea 
water containmg 0 003 m NHiCl solution, the pH of the sap mcreased 
from 6 (normal) to 6 6 (determined colonmetncally by usmg brom- 
cresol purple) When such cells were replaced m sea water and left 
for 1 hour the pH value decreased from 6 6 to 6 1 

One group of cells was placed m sea water contammg 0 00035 m 
dye, a second group m sea water contammg 0 003 ii NH<C1 and 

which IS shghtly greater with (1) than with (2) If such cells (1) and (.2) are placed 
in 0 00014 SI d>e soluUon at pH 7 7 (phosphate buffer solution) they show no 
inhibiting effect at all 

At a higher concentration of NaCl (0 05 si) this inhibiting effect is not removed 
in 0 00014 SI dj'e made up with phosphate buffer mixture at pH 7 7 

The inhlbitmg effect of prenous treatment with the phosphate buffer mixture 
at pH 5 4 (Table II) is mcreased m 0 00014 si d>e solution at pH 7 7 made up 
with borate buffer mixture 
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0 00035 M dye. A third group of cells was first exposed for 1 hour 
to sea water oontaimng 0 003 ii NH«Q and then transferred to the 
dye solution used in the case of Group 1 After 1 hour there was a 
deaded decrease m the rate of penetration of dye in the case of ceUs 
placed m the dye solution containing NHiCl (Group 2) and also in 
the case of cells previously exposed to NH<C1 solution (Group 3), 
as compared with the control (Group 1) These results show that 
the presence of ammonia m the ccU brings about a decrease m the 
rate of penetration of dye. Whether this decrease is entirely due to 
the mcreasc m the pH value of the sap m the presence of ammonia 
or due partly to the fonner emd partly to the presence of ammonia 
in the protoplasm (at the surface or the interior), it is not possible to 
determine These results confirm those obtained with NtUUa* (sec 
Section I) 

B Effect of Acetic Acid a/td BCl at pH — ^Let us first see if the 
same results may be obtained as with Ntteita when the pH value of 
the sap 13 decreased by entrance of acetic add When cells were 
placed m sea water oontaimng acetic add at pH 5 9, the pH value of 
the sap decreased m 1 hour from 5 5 (normal) to 4 8 (methyl** red 
used as an indicator) The pH value of the sap thus decreased was 
found to be raised to the normal when such cells were placed m sea 
water for 20 minutes \Vhcn cells whose pH value had been thus 
decreased were placed for 20 minutes in sea water containing 0 00035 u 
dye, the amount of dye m the sap was less** than in the sap of cells 
transferred directly from the sea water to the same dye solution 
(control) These expenments show that there Is a decrease in the 
rate of penetration of dye when the pH value of the s^ is decreased 

Dlifetace bctwtta the detetminatioa of the pH vnlue of the tap miuie with 
brom-crool purple and with methyi red lies in the fact that the effect of salt on the 
indicator Is not corrected. Hie of the use of the indJeaton Is de- 

scribed in Section L 

Brooks exposed of Vcltma mao'opJtyja to sea water (1) containing 
KHtQ until the pH value of the lap Increased, and (2) conta inin g CO* until the 
pHvalueof the sap decreased, after which thQf were placed in sea water containing 
2, 6, dibromophenoi indophenol, and found that the rate of penetration of dye 
decreased with (1) and increased with (2) She interpret* these result* on the basis 
that the rate of penetration of dye is affected by the change in the pH value of 
the external solution surrounding the cell os a result of diffusion of (1) NH*Q and 
(2) COi from the vacuolea. (Sec Foot note 6.) 
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by entrance of acetic aad, which agrees with the results discussed 
in Section III on NticUa 

Let us now see if a decrease can be brought about without a change 
in the pH value of the sap Cells were exposed for 1 hour to sea 
water containing HCl at pH 5 9, after which they were placed in 
0 00035 M dye for 20 minutes The rate of penetration m this case 
was found to be less than the control but the extent of decrease m the 
rate is not so great as it was m the case of cells exposed to acetic aad 
When cells are placed for 1 hour m sea water contammg 0 0007 M. 
dye at pH 5 9, (1) containing acetic aad and (2) contammg HCl, 
the rate of penetration was found to be higher with acetic aad than 
with HCl 

C Effect of Sea Water at pH 6 5 Contatmng either Acetic Acid or 
HCl {No Change in the pH Value of the Sap) — The question now 
arises as to what will happen if we put cells m sea water contammg 
acetic aad at a pH value at which there is no decrease m the pH 
value of the sap Cells were placed m sea water at pH 6 5 contammg 
acetic aad for 1 hour after which they were transferred to sea water 
contammg 0 00035 M dye for 20 minutes the pH value of the sap 
remamed normal When the rate of penetration of dye m the case of 
the cells thus treated was compared with that of the control (cells 
directly removed from the sea water and placed m the same dye 
solution), It was found to be the same In the case of the cells pre- 
viously exposed to sea water contammg HCl at pH 6 5 the rate of 
penetration of dye was also foimd to be the same 

Cells placed m 0 00017 M dye m sea water at pH 6 5 contammg 
(1) acetic aad and (2) HCl, showed no difference m the rates 
Thus these experiments show that m the case of Valoma also the 
rate of penetration of dye may be retarded when (1) the pH value of 
the sap IS deaeased m presence of acetic aad, and (2) the pH value 
of the sap is mcreased m presence of NHa, when cells are exposed 
to these solutions before they afe placed m the dye solutions 

SUMMARY 

\Mien h\-mg cells of NiicUa are exposed to an acetate buffer solu- 
tion until the pH value of the sap is decreased and subsequently 
placed m a solution of brilhant cres>l blue, the rate of penetration of 
dje mto the \acuole is foimd to decrease m the majonty of cases, 
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and increase in other cases, os compared with the control cells which 
ere transferred to the dye solution directly from tap vratcr This 
decrease in the rate is not due to the lowering of the pH value of the 
solution just outside the cell wall, as a result of diffusion of acetic 
aad from the cell when ceils arc removed from the buffer solution 
and placed in the dye solution, because the relative amount of de 
crease (as compared with the control) is the same whether the ex 
tcmal solution is stirred or not 

Such a decrease m the rate may be brought about without a change 
in the pH value of the eap if the cells are placed in the dye solution 
after exposure to a phosphate buffer solution in which the pH value 
of the sap remains normal The rate of penetration of dye is then 
found to decrease The extent of this decrease is the greater the 
lower the pH value of the solution 

It is found that hydrochlonc add and bone aad have no effect 
while phosphoric add has on inhibiting effect at pH 4 8 on stirrmg 

Experiments with noitral salt solutions indicate that a direct effect 
on the cell (decreasing penetration) is due to monovalent base cations, 
while there is no such effect directly on the dye. 

It is assumed that the effect of the phosphate and acetate buffer 
solutions on the cell, decreasing the rate of penetration, is due (1) to 
the penetration of these aads into the protoplasm as undissoaatcd 
molecules, which dissociate upon entrance and lower the pH value 
of the protoplasm or to their action on the surface of the protoplasm, 
(2) to the effect of base cations on the protoplasm (either at the but 
face or in the mtenor), and (3) possibly to the effect of certain anions. 
In this case the action of the buffer solution is not due to its hydrogen 
ions 

In the case of living cells of VaUmta tinder the same experimental 
conditions as Ntitlla It is found that the rate of penetration of dye 
decreases when the pH value of the sap increases in presence of NHj, 
and also when the pH value of the up is decreased in the presence of 
acetic aad Such a decrease may be brought about even when the 
cells ore previously exposed to sea water containing HCl, m whitdi the 
pH value of the sap remains normal 

The wnter wishes to thank Mibb Helen McNamara for her faith 
ful assistance m carrying out the experiments. 




THE ROLE OF CERTAIN METALLIC IONS AS OXIDATION 
CATALYSTS 
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(Fivfn the LahorcUay cj GtiKral Pkystoioffj Eamrd Unhtrsily, Ccmbndit ) 
(Accepted for publication, Anguit 5 1926,) 

It has long been known that metals m some way are very closely 
connected with the processes of respiration and oxidation m both 
plants and animals, and the mode of their action has been the subject 
of a great deal of research and discussion The most important of 
these metals is undoubtedly iron, and the recent woric of Warburg 
(1925) and Meyerhof (1924) has gone for toward eluadating its 
mode of action ' Iron as an oxygen carrier is present m the hcmoglo- 
bm of the blood of mammals and has been the subject of much invcs 
tigation It is not within the province of this paper, however, to 
discuss this aspect of the matter, treatment of which ma> be found in 
text-books of general physiology 

Next to iron, in occurrence and m importance is copper although 
the latter has not received the careful and attentive research which 
has been bestowed on the former * 

1 Ibe boot by Meyerhof CChemical dynamics of life pbenoniena 1924) contains 
an ecceUent summary of fnmtifiatlonj tip to a very recent date. Reference may 
also be made to the individaal papers of these authors, and particularly, In English 
of Warburg (1925) Croader (1924-25) has analyTcd the data of various investi 
gator* who have worked with osidation systems from the point of view of the effect 
of temperature. He finds that many ondation reactions, including Kveral which 
are undoubtedly catalyztd by Iron have a critical thermal increment dose to 
16000 Hecht (1925-2/^ ex plain* on this h-iff* the latent period of the photic 
xeiponic in Cuma the critical thermal increment of which h nearly I 64 XX) as a 
reaction caUlyxed by iron and probably an oiidatitm, ITie fact that man> oiida 
tion systems and many reaction* catalyzed by iron have the same increment may 
be taken as further evidence that Iron is intimately connected with oxidation 
catalysis. 

* The tone effects of copper have been widely observed and discussed (see papers 
by C^ook, 1925-26) In hurt, the striking and obvhms toxic action of copper has 
more or lea obscured the possibility that this element may be of fundamental 
importance In the catalysis of normal oxidation reactions. 
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That copper occurs normally m a large number of orgamsms has been shown by 
Maquenne and Demoussy (1920) for plants and MuttLowski (1920-21) and Rose 
and Bodansky (1920) for animals In animals it is usually found m the hemocya- 
nm, or oxygen-carrymg fluid, of arthropods and crustaceans Hemocyanm is con- 
sidered analogous to hemoglobm, with copper takmg the place of the iron Henze 
(1904-05), workmg on octopus blood, decided that oxidations were catalyzed by the 
copper Alsberg and Clark (1914), using Lttnuhis, concluded that “With the aid 
of copper, oxygen may, perhaps, be transferred catalytically withm the organ- 
ism ” Glaser (1923) found considerable copper m Arbacta eggs, he thmks its 
function IS partially to mactivate certam enzymes 

Of the other metalhc elements manganese (Bertrand, 1897, and 
later papers) is the only one which has been mentioned as a substitute 
for iron and copper McHargue (1926) states that manganese is 
found very frequently m chlorophyl-bearmg tissues and assigns to this 
metal an important r61e m photosynthesis In moUuscan bloods 
Mn may appear to take the place of Cu However, its function, if 
not its occurrence, is rather problematical, and it does not take rank 
in prommence with the other two Some reasons will be advanced, 
based on the present work, for behevmg that iron and copper, if not 
the only two elements possible, are nevertheless the two elements 
which are, chemically, espeaally well adapted to the r61e of oxidation 
catalysts 

One method of approach to the problem of biological oxidations is 
the measurement of respiration m orgamsms Another is the attempt 
to duphcate, as far as possible, the conditions existmg m the cell by 
means of morgamc chemical systems where the conditions may be 
controlled The first method has led to the conclusion that iron, and 
to a lesser extent copper, is the catalytically active substance The 
second method is more apt to furnish data regardmg the mechanism 
of the reactions mvolved and is the one used m the present 
investigation 

n 

In order to duphcate the essential conditions m hving systems it is 
necessary' to ha\e an oxygen-nch substance (a peroxide), a catalyst, 
and an easily oxidizable substance Ray (1923-24) has proceeded 
accordmg to this pnnaple and has investigated the system iron- 
hydrogen peroxide-unsaturated fatty aads from the pomt of view of 
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the effect of anesthetics It was thought best here to use a combma 
tion which reacted qiute rapidly, and therefore pyrogaUol was used as 
the oxidisable substance. One of the end products of the reaction is 
carbon dionde, the rate of production and amount of which may be 
accurately measured. 

The caperimcntil meawretDeots were nuide with an Osterhout reapiratlon ma 
chine the prindpla of ?fhfch hnve been dacrlbcd in an earlier paper (Cook, 
1925-'36) Brie^, there is a dosed aystem of tubes through which air H forced 
by a pump, from a reaction chamber to a tube containing an indicator (phenol* 
sulfonphlhalein) and thence by another route to the reaction chamber again. The 
Indicator fa dccolarfad by the carbon dioiide and the color fa restored nritchlng 
the cur rent of air through a 0*tubc containing sodium hydroxide. 

In carrying out the present series of caperimenU a definite amount of pyrogal 
lol was dissolved in water in a large test tube (the reaction chamber) the tube was 
placed in iu proper position in the circuit of the machine, and the carbon dioxide 
present In the solution was cleared out, Then throuf^ a sgiaiatory ftmnel a 
mixture of the metal salt and hydrogen peroxide was run Into the reaction chamber 
These two constituents were mixed inmedutkly before being run in so that there 
might be as little rcactioa be tw ee n them as possible before striking the pyrogaliol 
solution the error here Involved fa entirdy nei^igihlc because the reaction between 
the metal and the peroxide Is relatively slow Then the machine was started 
and the carbon dioxide produced was measured practically from the start of the 
reaction. 

In order that there might be no posnbiHty of the walfa of the container exercising 
a catalytic effect, or otherwise disturbing the reaction, the inside of the reaction 
chamber was coated with parafiBn and the coating renewed frequentiy Further 
more, the Indicator solution was replaced after every cii>erfmettt In order to guard 
against any contamination by volatile organic adds which ml^t be produced 
during the oxidation of the pyrogaliol FbaBy the reaction chamber was placed 
In a water bath and the temperature was kept uniformly at 25*C In aH the ciperi* 
ments hero reported. 

Unleas the concentration of the reactants was purposely varied the mixtures 
were made up by dissolving 0 1 gm, of pyrogaDoI In 44 cc of water (distiDed) to 
which was a^ed 1 cc. of hydrogen peroxide and 10 cc. of the metal salt In the 
desired concentration. The hydrogen peroxide was oD taken from the same bottle 
and retained its strength at approximate constancy throughout the entire series of 
experiments. 

Since the hydrogen ion concentration of the rnedfum affects the rate of oxidation 
of pyrogaUol it was ascertained colorimetricaHy that a mixture of OJ gm. of pyro- 
goUol and 1 CC- of the peroxide in 44 cc. of water has a pH of approximately 5 
Since most of the metal salts here used have an add reaction there fa no doubt that 
all the present experiments were performed in an add medium. The pyrogaUol 
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will not absorb oxygen as rapidly in an acid as m an alkaline medium, but smce 
the hydrogen ion concentration did not vary to any great extent, and always re- 
mamed on the acid side of neutrality, the relative values ob tamed are not mvah- 
dated It would of course be impossible to conduct experiments by the mdicator 
method with an alkaline medium m the reaction chamber 

It IS customary when using the mdicator method with an organism to express 
the results as a rate curve based on the normal rate of respiration as 100 per cent 
Such a procedure is impossible here smce there is no ‘‘normal rate ” In fact there 
IS no production of carbon dioxide previous to the start of the reaction ^ It is 
necessary, therefore, to find some other method of expressmg the results This 
may be done by usmg the absolute amounts of carbon dioxide produced Ray 
(1923-24) has developed this method with the assistance of E J Cohn and has 
calculated the actual quantity of the gas Here it is not essential to know the 
actual quantities m mg Arbitrary units are satisfactory smce all the results are 
relative and may be compared with each other even if we do not know the exact 
amounts If the same amount of sodium bicarbonate is always present m the 
mdicator solution and the buffer standards always remain constant, then it will 
always take the same amount of carbon dioxide to decolorize the mdicator We 
may then take this amount as a imit and calculate the number of umts produced 
m a given time, or the length of time to produce 1 unit But we must remember 
that the reaction is also proceeding dunng the time that the color of the mdicator 
IS bemg restored and mclude this time For example, if it takes 30 seconds to 
decolorize and 30 seconds to restore the color then 2 umts of carbon dioxide are 
formed per mmute Or if m 10 nunutes there are four penods of decolonzation 2 
mmutes long and four penods of 30 seconds to restore the color, then 5 umts will 
have been formed dunng the 10 minutes 

Usmg this method the total amount of carbon dioxide produced can be plotted 
against the time and an mtegral curve obtamed If the equation of this curve is 
known then the rate curve can be derived therefrom 

m 

Since this investigation has been primarily on the efiFect of copper, 
this element will be treated in a separate section Fig 1 shows 
typical curves obtamed with 1 cc of hydrogen peroxide, 0 1 gm of 
pyrogallol, and vanous concentrations of copper chlonde, m 44 cc 
of water The curves represent the total amoimts of carbon dioxide 
produced, plotted against time The slope of such a curve at any 

^ P\TOgallol IS oxidized bv hydrogen peroxide and metal salts separately at such 
a slow rate (if at all) that it cannot be detected by this method Hence we may 
sa> for practical purposes that there is no production of carbon dioxide unless all 
three constituents are present 
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point indicates the rate of production of carbon dioxide It will be 
seen that with very dilute copper the rate is at first relatively rapid, 
but soon falls off until It approaches zero With concentrated sola 
tions the rate decreases continually, but since the earlier portion of 
the curves is most important it was not considered necessary to follow 
the course of the reaction entirely to completion. In fact to do so 
with concentrated copper solutions would require many hours if not 



FiCk 1 The quantity of OO 2 produced bj 0 1 gm, of pyrogtBoI 1 cc, of HjOi, 
44 cc of water and 10 cc, of 

in Curve ji, OL0003 w CuCIj 
< 00001 u, 

" C, aOOOOl M, ' 

The ordinates represent arbitrary units of CCh and the absemre minutes. Each 
carve Is the average of three or more eiperiracnta. 

days of contmuous observation The upper curves, therefore, are 
incomplete. 

In order to compare and analyse curves of this sort the equations should bo 
known. The attempt was made to 6t the curves with the equations of a mono- 
molecular and bimokcular chmkal reaction Although In some Instances an 
approximate constant can be obtained the correspondence is not very dose, and 
th« equations have very llttb significance In the present connection. However 
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the curves can be fairly closely fitted by the general equation for the hyperbola 
y = rr/(a + bx) In all the experimental cases, when x/y is plotted against x the 
resulting figure is a straight line There are individual deviations of shght extent 
but these are irregular in their occurrence and indicate that the experimental 
curves are fitted only approximately by the general equation y « x/{a + bx) 
Even though the correspondence is only approximate, however, it is sufficiently 
close to permit the use of the equation m a purely empirical way for the comparison 
of the curves In considering the present data the special equation may be used 
o = i/{p +hi), where a is the amount of carbon dioxide produced after time, /,and 
p and b are constants 

The constants p and b must be detenmned for each different curve and when 
detemuned^ will be an mdex to the charactenstacs of the curve, withm the same 
hmits as were suggested with respect to the accuracy of the general equation as 
apphed to these cases The constants, with these reservations, may be used to 
compare the action of different concentrations of the reagents To evaluate the 
constants the method of least squares was used ® In the experimental curves we 
are particularly mterested m the total amoimt of carbon dioxide which will be 
formed if the reaction is allowed to run to completion, and the rate, specially the 
initial rate, of the production These two quantities ma> be calculated from the 
formula a « t/(p + bt) when the constants are known 

From an mspection of the curves it can be seen that as time proceeds the amount 
of carbon dioxide, called a, will approach a lirmtmg value Then, in the formula, 


^ One source of error arises from the fact that different values for the constants 
will be obtained, dependmg on how much of the entire curve is used as a basis of 
calculation, and, as pomted out above, some of the experimental curves are m- 
complete. This error is accoimted for, at least partially, by using only the first 
half of the complete curve, t c , the curve up to the pomt where one^half of the 
total amount of the carbon dioxide has been produced The total amount is 
observed m some cases and estimated m others 

• The method of least squares is probably the most accurate method of detenn- 
uung the value of p and 5, although any two pomts may be selected on a curve and 
the constants obtamed by substitutmg observed values of a and i For these 
curv es the method outlined by Mellor (1909, p 327) has been followed Usmg the 
general equation y « y/(a + bx) and a large number of points the following equa- 
tions determine the constants 

S (xy) X - X {^y) X (x^) 

S (y) 2 - (2 ixy^)y 

2 (gy) 2 (xy^) - 2 (ary) 2 (y») 

(S (*>*))» - 2 (x’y’) 2 (3^) * 


and 



8 F COOK 


295 


allow / to become vety largo. Since p is constftnt, /, ind also U will bectanc so 
large that p may be ncj^ected* Ibcn <i(u«) - tfU Cancdling i, aojao •« 1/J 
Hw limiting •t'lluc of a and the total amoxmt of carbon dioiHe (cjprcsscd In or 
biUur> units of course) will therefore equal Xfb This furnishes a convenient 
method for comparing the total amount of the action under dl0er«nt conditions. 

In considering the rate of the activity we may deal with cither a derivative or a 
tangent depending on whether we arc considering an equation or a curve. With 
the experimental curves the tangents may be ascertained by means of instruments, 
and the rate curves then plotted if derired. The initial rate may be observed 
directly 

With the equation the procedure is different. If o *« t/{p + hi) then da/di -• 
P/{P + ^0* ^ substituting values for I the vahie of da/dt or the rate, m^ be 

plotted, Kott let i become exceedingly small compared with ^>1 and the differential 
equation ajqjroachea the value dg/rff(nm) •• p/p^ or 1/^ Therefore \/p tep- 
resenti the initial rate of the production of carbon dioxide. 

Apfplying these methods it is possible to get information concenung 
the concentration effects of the various reagents Fig 2 shows three 
curves obtained by plotting the values of 1/6 against the coucentra 
dons of the reagents Fig 3 shows sunilar curves for the initial rates, 
as obtained from the equation and also from the tangents to the 
cipcnmcntal curves* 

When the concentration of the pytogallol or of the copper is vaned 
we find that the Umitmg value of a varies as a constant fractional 
power oi the concentration, or -• C* This relation has been 
found very frequently m biological work, and owing to its similanty 
to the adsorption isotherm it has caused many phenomena to be 
ascribed to adsorptive processes. The present case makes it plain 
that adsorption cannot always be called upon to explain every process 
where the effect is proportional to some fractional power of the con- 
centration For here we have nothing but a chemical system Pyro 
galfol and hydrogen peroifde do not show colloidal properties, and it is 
very unlikely that copper chlonde exists la anything but an ionic or 
molecular form Hence if adsorption is responsible for the fractional 

• The figum obtained by tboc two methoda are almost Identical in their general 
character the difference* hdng due to the fact that different units are employed 
la the calcalatiota, Thb dose corregxindcnce between the two »cU of curve* b 
evidence of the soundnesa of the method of calculation used In determining i/p 
The value* calculated for 1 /b may also be accepted with confidence, since the man 
QCT of derivation b the tame. 
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power relation then it must be m a sense very different from that 
commonly employed 

With hydrogen peroxide a curious relation comes to hght When its 
concentration is vaned and the logarithm of the concentration is 



Fig 2 ESect of concentratioii on the total amount of CO2 produced In all 
cases the ordmate is the logarithm of the amount of CO2 as expressed by means of 
the logarithm of l/tfuml (see text) The abscissa is 

m Curv e A , the logarithm of the concentrabon of CUCI2, 

“ B, the logarithm of the concentrabon of H2O2 — the loganthm 
of the amount of CO21 

" C, the logarithm of the concentrabon of the pyrogallol 

plotted agamst the ratio of the loganthm of the concentration to the 
loganthm of the effect a straight Ime is obtamed Expressed as an 
equation log a = log C/(m + «logC) That this relation has been 
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prcvioiisly observed may be shown by four instances where data from 
Snapper (1912), Dreyer and Walker (1914), Nothmarm Zuckerkandl 
(1912), and Plavec (1900), when plotted, give a straight line under 
simflar conditions. However, the relation is unusual and no mter- 
pretation is available at present 

Fig 2, Curve -d, shows the effect of varying the concentration of 



vtlac of for CuCb 

in Curve B the value of taagaiU to the beginning of aperfmcntal curve* 
of CuCb 

‘ C the value of for HjOj 

' 2?, the value of tangents with HiOj, 

E, the value of l/Pcuai for pyrogallol, 

F, the vahxe of tangent* with pyrogallol. 

copper It will be noticed that while m general the law •• 
C* is obeyed, still, at 0 0001 m, there is a distinct break and the ei 
ponent h is different on each side This ia a situation which exists 
qmte frequently in biological data. It might be mamtamed that at 
this critical concentration some change of phase relatbns occurs, such 
as the ^pearance of a new hydrate, dissoaation product, or the like, 
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which would suddenly alter the effective concentration of the copper 
While it IS impossible to offer an adequate and detailed explanation 
of this phenomenon, nevertheless certam mterestmg possibihties are 
suggested, particularly with regard to phase relations m biological 
experiments 

Fig 3, Curve A, shows the effect of changmg the concentration of 
copper on the mitial rate of oxidation Here the relation is da/dl 
(imtial) = ^ log C or tan (imtial) = A log C The Imes are not perfectly 
straight, mdicatmg some deviation from the simple law, but the fit 
IS close enough to show that there is a contmuous and defimte vanation 
of imtial rate with concentration On the other hand, there is no such 
clear-cut vanation with the pyxogaUol or peroxide The vanation, 
if any, is shght and seems to pass through a maximum If three pomts 
can be said to determine a straight hne m such a case then the relation 
IS the same as that with copper, ? e , da/di (imtial) = i log C But 
here there is a break where k changes from plus to minus If the data 
cannot be said to warrant such a conclusion then the imtial rate must 
be considered mdependent of the concentration and the apparent 
Imear arrangement of the pomts purely fortmtous 

Whatever the mterpretation of the data, the difference between 
copper and the other two reagents is striking It suggests that the 
mode of action of copper is umque, and that it undergoes changes, or 
takes part m reactions, m which the other two constituents are not 
mvolved 

IV 

After copper the first metal mvestigated was iron With hydrogen 
peroxide and pyrogaUol it causes a rapid evolution of carbon dioxide 
Contrary to what might have been expected, iron was but shghtly more 
effective than copper This doubtless is due, however, to the conditions 
existmg m this particular system Under other circumstances iron 
is a much more effective oxidation catalyst than copper At the same 
time it should be borne m mmd that as a toxic agent copper is far more 
powerful than iron 

The form of the tune curve with non was substantially the same 
as that with copper The concentration effect was not mvestigated 
One phenomenon worth mentioning appeared m connection with the 
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expcmnents on Iron If several expenments were performed, using 
the same concentrations of aH reagents, each experiment showed a 
larger production of carbon dioxide than the one preceding This 
rendered it almost impossible to duphcate an cxpenmental result, 
When the inside of the reaction chamber was coated with paraffin and 
the paraffin renewed occasionally, this difficulty vanished. The 
results became reproducible Such a situation indicates that part of 
the iron was adsorbed or deposited on the glass wall of the tube and 
influenced subsequent reactions No deposition of iron took place 



Fio 4 Curve Csverage of three operfmenti) trith AuCh, 0.01 u The 
ordmite Is the amount of COa tad the abadssa Is time in mhiutet. 

on the paraffin. Although no perceptible influence was ever exercised 
by the walls of the tube in the experiments on copper, paraffin was 
used as a safeguard ^ 

Several expenmenta were perfonned with silver nitrate and gold 
chlonde The action of these two elements being very similar only 
one, gold, will be discussed in detail When the reaction with gold 
chloride starts, the production of carbon dioxide is relatively rapid 
(although not quite so rapid, for equivalent concentration, as with 

^ There are numerous instances recorded conc erning the eflect of the glass wall 
of the contolnhig vessel on chemical reactions. 
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iron or copper) This penod of great activity is followed by a much 
longer penod of shght activity (see Fig 4) The curve nses quite 
steeply for about 10 mmutes, at the end of which time the nse become? 
much more gradual It appears as if there were two distmct curves, 
the first endmg after about 10 minutes and mergmg mto the second 
which contmues for at least 2 hours Examinmg the reagents it is 
found that the gold, which is mtroduced as a clear, yellow, solution of 
gold chlonde, has preapitated as purple colloidal gold If the reaction 
IS followed m a test-tube it is observed that the preapitation begins 
after about 5 mmutes and is apparently complete at 10 mmutes This 
preapitation corresponds in time to the sudden fallmg off in the rate 
of oxidation Therefore the conclusion seems evident that the gold 
in solution catalyzes the oxidation of the pyrogallol to a marked extent, 
whereas the precipitated gold acts as a far less eluent catalyzer if 
mdeed it catalyzes the reaction at aU This matter will be discussed 
further m the next section 

Silver preapitates m a manner almost identical with that of gold, 
and the same considerations apply as with the latter metal 
Of several other metals none had a very marked effect Cobalt 
and manganese caused a very shght production of carbon dioxide 
They were each about as effective at a concentration of 0 01 m as 
copper at 0 00001 m, m other words, copper is about one thousand 
times as powerful a catalyst Magnesium, mercury, cadnuum, zmc, 
tm, and mckel had no detectable effect whatever Hydrogen, m 
hydrochlonc aad, was likewise without effect The metals mves- 
tigated may therefore be arranged m the foUowmg maimer 
Group I Catalysts (m order of effectiveness), Fe, Cu, Au, Ag, Co, 
Mn 

Group n Non-Catalysis, Mg, Hg, Cd, Zn, Sn, Ni, H 

The theoretical significance of this groupmg will be discussed later 

V 

When we come to consider the probable mechanism of this oxidation 
system two facts stand out as of primary importance 

1 All the experiments were performed m an aad medium Hopkins 
(1925) has found m studymg the mechamsm of oxidation by means 
of glutathione that there is a marked difference m the course of the 
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reaction depending on whether the medium is sad or aJkahne, and 
Meyerhof (1923) maintains that oxygen transfer by sulfhydril groups 
occurs only in add and best at pH 3 to 5 (On catalysis by Fe in this 
connection, cf Hamson, 1924 ) These and other instances mate it 
apparent that a change from an add to an alkahne medium may piXH 
foundly alter the mechanism of an oxidation Therefore it should be 
home in mmd in the discussion of the present data that all condusions 
apply to expenmen ta perfonned in an aad solution and that very 
diflerent results might be obtained with experiments performed m an 
alLalme solution 

2 The experimental curves do not follow the course of a mono- 
molecular or of a bimoleculor reaction Smee the possibihty of a 
reaction of a higher order is remote, it is apparent that we have here a 
complex of reactions of different types. To construct a hypothetical 
arrangement which would dupheate all the experimental data would 
be very difficult, but a simple system can be set up which will give a 
general representation of what is found ciperunen tally 

Let us consider the action of copper There are two distinct phases 
to the oxidation of pyrogallol by this metaL First, the hydrogen 
peroxide must be decomposed in order to liberate the oxygen, and 
second, the oxygen must combmc with the pyrogallol to produce 
carbon dioxide and other substances Considerable research has been 
performed on the problem of the decomposition of hydrogen peroxide 
by metals Brcdig and Ikeda (1901) studied the decomposition of 
peroxide by platinum and considered that the action was due to the 
formation and reduction of an oxide of platmum. Oliver! MandalA 
(1920) found that a similar catalytic effect is produced by indium, 
as had Bredig and Fortner (1904) with palladium Berthelot (1901) 
found that silver forms a peroxide and afterward a superoxide with 
hydrogen peroxide, both of which decompose and hberate oxygen 
Bacyer and Vllhger (1901) started with the oxide AgiO and produced 
free oxygen with hydrogen peroxide. Colloidal silver was preapltatcd 
during the reaction. Hedges and Myers (1924) studied a pcnodic de- 
composition of hydrogen peroxide by silver, platinmn, gold, and the 
CDxyme catalase These authors do not beheve in the formation of an 
mtermediate oxide. 

In connection with the problem of “promoter action” the effect of 
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copper and iron, as well as other substances, bas been extensively 
investigated Bray and Livingston (1923) worked witb bromine 
Tbeir opinion is that tbe hydrogen peroxide is decomposed by the 
bromme molecule which is thereby ionized and which is later restored 
to the molecular state The ion is therefore the mtermediate product 
Von Bertalan (1920)® says “Die Zerzetzung des Wasserstoflfperoxyds 
durch Eisemonen verlauft als erne typische monomolare katalytische 
Reaktion '' He considers the ion as the effective catalyst Mum- 
mery (1913)® says “The catalytic decomposition of hydrogen dioxide 
by iron salts may be ascribed to the formation of higher perhydrols 
which are to be regarded as derivatives of hydrogen tnoxide ” Bohn- 
son (1921) says that with iron the mtermediate product is a hydrated 
feme peroxide or “feme aad ” It is of mterest that his data relatmg 
concentration to veloaty constant (he finds the reaction to be of the 
first order) show breaks m contmmty of very much the same sort as 
the break m Fig 2, Curve A, where copper is the catalyst Both 
feme chlonde and feme sulfate exhibit this phenomenon Bohnson 
also found that the specific reaction veloaty decreases with time owmg 
to the hydrolysis of the catalyst, and that free aad retards the action 
Bohnson and Robertson (1923) conclude that the reaction, with iron, 
IS an oxidation of the feme ion, Fe, to a peroxide, FeO*, knd subse- 
quent reduction to the lomc form They base their opmion on thermo- 
dynaroic reasomng Gkiard and Rideal (1924) state that the mter- 
mediate compound vanes accordmg to the aadity of the solution, 
that m neutral solution it is Fe 206 and m aad solution it is H 2 Fe 04 
Similarly, Spitalsky and Petm (1924) asenbe the activity of iron to 
mtermediate products which vary m composition with the hydrogen 
ion concentration Robertson (1925) has summed up the discussion 
and has given an explanation of the so called promoter action of 
metals For the simple combmation of copper and hydrogen peroxide 
he suggests the foUowmg equations 

Cu + H,Oj — > CuOj -f- 2 H 
CuOi + HjOi Cu + 2 HjO + O, 


® von Bertalan 11920), p 328 
® Mummery (.1913), p 889 
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The CuOa xs copper peroxide and when in aad solution may exist 
as HiCuOa 

In view of the above accumulation of opinion and evidence it seems 
permissible to accept Robertson’s equations as the basis for the first 
step in the oxidation of pyrogaHol and to emphasise the following 
three pomts 

1 The metal functions in the ionic fonn 

2 There is always an mtcnncdiatc product fonned 

3 This mtermediate product is a peroxide 

This system appUes when there is sunply a metal and hydrogen 
peroxide present When an ondixable substance is added it is neces- 
sary to alter the supposed course of the reaction The fact that 
hydrogen peroxide vdll color guaiac in the presence of a metal salt 
has long been known A recent study is that of Aloy and Valdigu6 
(1923) on copper Karesag (1921) bas investigated the oxidation of 
dyestufis by metal salts and hydrogen peroxide* Another investiga- 
tion bearing on the present problem is that of Brcdlg and Ikeda (1901), 
who found that many orgamc substances, including pyrogallol 
“poisoned” the reaction between the metal and the peroxide 

When an organic substance such as pyrogallol is oiidixed by means 
of this system one of two things must happen Either the oxygen 
which is hberated from the hydrogen peroxide umtes with the pyrogal 
lol, or the oxygen is transferred directly from the metallic peroxide 
without any separate existence The latter supposition is more 
probable and Is entirely in line with current theories of oxidation 
If we accept it then we must notice two facts 

1 The second stage of Robertson’s reactions is altered because the 
oxygen in the CuOi does not escape as molecular oxygen but is trans 
ferred directly to the pyrogalloL 

2 If this transfer released the ionic copper in its origmal state then 
the copper could go through the same cycle egam and the reaction 
would contmue until either the pyrogaHol or the hydrogen peroxide 
was exhausted. But wo know from experiments with low concentra 
tlons of copper that this is not the case For instance, if we use 
0 00001 U coiq>er the production of carbon diondc soon stops If we 
then add more peroxide or pyrogaHol there Is no effect, but if wc add 
more copper the oxidation begms agam This fact demonstrates 
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conclusively that the copper is steadily removed from the active state 
The removal may take place in vanous ways but the simplest assump- 
tion IS that the metal is bound up irreversibly with the pyrogaUol 
That some such process occurs is suggested by the results of Bredig 
and Ikeda (1901) on the “poisomng” effect of p)T:ogallol 

Let us call pyrogaUol PC Then 

CuOj + PC -> CuP CO, 

The carbon dioxide is measured and the macbve, or bound, copper 
remams m the solution But we must complete the ongmal equation 
This we may do and write the entire scheme 

(1) Cu + H,0, CuO, 2 H 

(2) 2T3.+ H,0, — »■ 2 HiO 

(3) CuOi + PC CuP -f CO, 

Of course this scheme may differ m detail from what actually takes 
place The real reactions are doubtless more comphcated than is 
mdicated here But it is possible to go a certam distance toward 
duphcatmg the experimental results by means of the theoretical 
equations Considermg reactions (1) and (2) it is evident that there 
is a bunolecular reaction between the copper and the hydrogen perox- 
ide But there are two molecules of hydrogen peroxide decomposed 
for every molecule of copper peroxide formed, owmg to the reduction 
of the second molecule of hydrogen peroxide by the free hydrogen 
TJsmg the ordmary notation, if a is the imtial concentration of copper, 
b the mitial concentration of the hydrogen peroxide, and y the amount 
of copper peroxide formed after time /, then the rate of the reaction is 
proportional to the copper and hydrogen peroxide present Of the 
latter, part is used m step (1) to form Cu02 and H, and part m step 
(2) to form H^O These two parts are equal Then we may write 
dy/di = Ki (a — y) {b — 2y') This equation may be mtegrated and 
expressed m the foUowmg form 

a id 

^ “ b - 2 
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If a; IS the amount of carbon dioxide formed after tune and c is 
the concentration of the pyrogoUol, then x is proportional to the 
amount of pytogoUol and the amount of CuOj (or y) present after 
t units of time. This amount of CuOj is equal to the difference be- 
tween the quantity produced from a and b and the quantity which 
has been transformed into x Then dx/di - Jvj (y — a:) (c — x), or 

Since y is a vanable quantity its value must be determined for every 
value of t and substituted in the above equation 



FJg 5 The solid line repreaentj a typical experimental carve (CnOj aOOl u 
H|Oj 1 cc^ pyrogaDol dOOl gm ) The points art obtained by means of the cal 
eolation outlined in the text whereby two bimolecular reactions arc assumed 
In this case a—OJ t-2 c— OOSlS't-'OJZ and Kt - 0^ 

By the use of these equations the experimental curves may be ap- 
proximately duplicated- Fig 5 shows an example of on eipenmental 
curve selected at random and fairlj closely fitted The fit could be 
made much closer by more exact selection of the constants This 
method of curve duplication docs not afford absolute proof that the 
equations underlying the calculations are preasely those which un 
dcrlie the experimental results Howc\^ they must be fairly dose 
to the truth. That the actual state of afiairs is more complicated 
than has been suggested here is shown by one fact In the calculated 
63 r 8 tem the effect vTincs directly with the concentration, not as a 
fractional power thereof In order to brmg the calculated results 
mto accordance ndth the experimental results it would be necessary 


r 
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to assume further comphcations such as side reactions, opposmg re- 
actions, etc But the espenmental data do not clearly indicate the 
prease nature of these additional reactions 
The defimte conclusions which may be drawn are as follows The 
oxidation of pyrogallol is due to the decomposition of the hydrogen 
peroxide by the copper ion, with the subsequent peroxidation of the 
copper The copper peroxide then transfers its oxygen to the pyrogal- 
lol which IS broken down mto carbon dioxide and other products, 
mcludmg some form of combmed copper 

This system comades with the Engler theory of respiration, m which 
there is an autoxidizable substance, a peroxide, and a catalyst At- 
mospheric oxygen is absorbed and transferred by means of the per- 
oxidase (catalyst) through the peroxide from the autoxidizable sub- 
stance to the substance which is eventually to be oxidized Here, of 
course, we start with a peroxide but the prmaple is the same Wieland 
(1921) takes the view that hydrogen, not oxygen, is transferred, but 
he states that with metals and hydrogen peroxide metalhc peroxides 

The question of the atmospheric oxidation of pyrogallol and the nature of 
the products when the reaction is catalyzed by a metal has received attention from 
chemists The two best known oxidation products are carbon dioxide and pur- 
purogalhn The latter is specially likely to appear when iron is present Salts 
of iron as well as of other metals may combme directly with pyrogallol, the re- 
action usually showing a characteristic color Thus Jacquemin (^1873) found that 
ferrous sulfate gives a blue color and ferric sulfate a red one 

de Clermont and Chautard (1882) got purpurogallm from pyrogallol m acid 
solution with AgNOa and KMnO^ Wolff (1908) used ferrocyamde with hydrogen 
peroxide and obtamed purpurogallm Smimow (1925) determined the effect of 
peroxidases by measurmg the formation of purpurogallm, and foimd that man- 
ganese and iron catalyze the reaction although he does not consider that these two 
metals are necessary to a peroxidase He quotes Andr6 (Andr6, G , 1924, Chume 
v6g6tale, i, 210) to the effect that pyrogallol oxidizes accordmg to the equation 
4 CfiHcOa + 9 O-^^CooHicOg + 4 CO2 + 4 Hj>0 where CaoHieOg represents pur- 
purogalhn He also quotes Willstatter and Stoll (WUlstktter, R , and Stoll, A, 
1918, Chcni ,cdxvi, 62), who state that 2 CeHeOs -f O3— >CiiH806 + CO2 + 
H;0 The latter formula (CuHsOs) is given as the correct formula for purpuro- 
galhn m Beilstem, F , 1923, Handbuch der organischen Chemie, 4th edition, vi, 
1072 In the experiments here recorded the concentrations of the reagents were 
too low for noticeable quantities of purpurogallm to be produced 
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are formed He therefore agrees in essentials with the intermediate 
peroxide theory 

VI 

Throughout the preceding discussion the assumption has been 
made that the metals act m the ionic foim This assumption is based 
on the results of Bohnson, Robertson^ etc, according to whom the 
metals (in decomposing hydrogen peroxide) take part in ordinary 
chemical reactions There Is no reason to suppose that there is any 
change m the state of iron or copper when pyrogallol is present 
Nevertheless there is evidence to show that certain metals in the col 
loidal state can also decompose hydrogen peroxide Certain metals, 
furthermore, are preapitated in the colloidal form by pyrogallol 
Brcdig and Reinders (1901) decomposed hydrogen peroxide with 
colloidal gold, as did Galecki (1925) Brcdig and Ikeda (1901) used 
colloidal platinum, Dudaux (1923) used colloidal iron, and Zenghehs 
and Papaconstantinos (1920) used colloidal rhodium As to the effect 
of pyrogallol, in addition to calhng attention to the reduction of 
sflver bromide bj pyrogallol m photography, reference may be made 
to Garbo wsld (1903), who precipitated gold, platinum, and silver, and 
to Hennch (1903), who preapitated gold, plaUnum, silver, and 
mercury with pyrogallol 

We have a %^ty dear example of the different effect of ionic and 
colloidal metal In the experiments performed on gold which were 
outlmed in a previous section In these eipenmenU we can watch 
the rate of oxidation change while the colloidal gold is being preapl 
tated The first few readings are obtained with ionic gold and show a 
rapid action After the gold has been preapitated the action still 
continues but at a greatly reduced rate There exist at this point two 
possibilities either the gold is all preapitated and the slow action is 
due to the colloidal metal, or not all the gold is predpltated, the col 
loidal metal has no effect, and the slow rate is due to a very much 
reduced quantity of the ionic mctaL To throw light on this matter a 
standard quantity of gold chloride was added in a test tube to the 
usual amount of hydrogen peroxide and pyrogallol and after the gold 
had been preapitated the entire mixture was dialyzed for a week. 



308 


METALLIC IONS AS OXIDATION CATALYSTS 


Then the colloidal gold was recovered, added to more hydrogen 
peroxide, and pyxogallol and the resulting action tested m the respira- 
tion machine There was no detectable production of carbon dioxide 
The conclusion follows that colloidal gold does not catalyze the oxida- 
tion of pyxogaUol m measurable quantities, despite the fact that it 
decomposes hydrogen peroxide 

The question arises why coUoidal gold does not oxidize pyxogallol 
It will be remembered that to account for the action of copper it was 
assumed that the copper forms a peroxide which cames the oxygen 
from the hydrogen peroxide to the pyxogallol It does not hberate 
molecular oxygen which then, of itself, combmes with the pyrogaUol 
The formation of the mtermediate peroxide is essential Now it is 
clear that while lomc gold can react to produce a gold peroxide, the 
metal m the colloidal form cannot do so Therefore as the gold in 
solution becomes aggregated m sohd particles the concentration of 
the effective gold is reduced That the ions are not completely ehm- 
mated and that all the gold is not changed mto the colloidal form 
(as IS demonstrated by the fact that some oxidation persists) is prob- 
ably due to the fact that the solution is aad That the degree of dis- 
persion, size of particles, and general properties of colloidal metals are 
dependent to a large degree on the acidity of the medium has been 
shown by numerous mvestigators The presence of the pyxogallol 
doubtless has considerable influence and may tend to prevent the 
complete preapitation of the gold m solution 

Obviously the mode of action of the metal m the coUoidal state is 
very different from the mode of action m the lomc form As the 
present case shows, lomc gold vxll catalyze the oxidation of pyrogaUol 
while coUoidal gold wiU not But the latter wiU decompose hydrogen 
peroxide as weU as the former The decomposition, however, must 
be due to an entirely different mechanism m the two cases The mter- 
mediate peroxide theory, which is very satisfactory with the metal m 
solution, offers no explanation whatever for the action of the coUoidal 
metal smce the coUoid cannot be expected to enter mto simple stoichi- 
ometnc relations with the other constituents, mcludmg the formation 
of metaUic peroxides If, as has been assumed, the oxidation of 
pyrogaUol depends on the presence of such peroxides, it is qmte evident 
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why colloidal gold can decompose hydrogen peionde but fads to 
oxidise pyrogalloL 

VIL 

We are now m a position to make further comparison between the 
se\eral metals which have been tested A division has already been 
made between the effective catalysts; copper, iron, gold, silver, cobalt 
and manganese, and the non-effective metals which indude all the 
others tried Among the first four there are marked differences 
depending on the ease with which the colloidal metal is preapltated 
As a check on this pomt test tube experiments were made which 
showed that gold and silver precipitated very easily, copper very slowly 
(a matter of days), and iron not at all Iron is therefore the most 
powerful catalj^t because it readily forms a peroxide and has the least 
tendency to be precipitated in the colloidal form by hydrogen peroxide 
and p3rrogalloI Gold and silver axe effective catalysts (though not 
so effective as iron and copper), but are prevented from exercising this 
function because they are so easily prcapitatetL Mercury, xme, and 
the others, arc mcffecUve because they do not form mtennediate 
peroxides 

Herein may he the reason why iron, and secondarily copper, are 
almost umvcrsally found m living cells as the metals which catalyre 
respiration The assumption is legitimate that the cell contains 
organic peroxides similar to hydrogen peroxide and reducing (easily 
oxidixable) substances like pytogallol If this is true and there is 
no strong evidence against it, then iron and copper are probably the 
only two metals which could effectively catalyze the oxidations in the 
cclL For metals like cobalt and manganese would be too weak m their 
action, mercury, zme, etc., would not carry oxygen at all, and gold or 
silver would pass immediately mto the ineffective coHoidal state. 
Therefore iron and copper best fulfil the requirements for a metalhc 
catalyst 

One ^nnl theoretical agiect of this queshon deserves bnef con- 
sideration If we examine the pcnodic table of the elements as re- 
vised to conform to the most recent ideas m physical chemistry, we 
find that all the active elements here investigated, t e iron, copper. 
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gold, Silver, cobalt, and manganese wlII be found close together m the 
table Below is a reproduction of a portion of the table showing the 
arrangement of electrons m the atoms of the elements (according to 
Langmuir), foimd m Taylor’s Treatise on physical chemistry (1924) “ 



raa 

mb 

IVa 

Group Vn 

Mn 

— 

— 

f 

Fe 

Ru 

Os 

Group Vm \ 

Co 

Rh 

It 

[ 

Ni 

Pd 

Pt 

Group I 

Cu 

Ag 

Au 

1 

Group n 

Zn 

Cd 

1 

Hg 


The groups refer to the standard groups in the penodic table (The 
numerals at the head of the columns refer to the number of shells 
of electrons ) Thus we see that Group I, which mcludes copper, silver, 
and gold, has an outer shell of one electron, and Group VULL has an 
outer shell which lacks completeness by one electron It is m these 
two groups that the effective elements Fe, Cu, Ag, Au, and Ru, Rh, 
Pd, Os, It, and Pt, which are probably also effective, occur The 
only exceptions are manganese which is m Group VII, and mckel 
which IS m Group Vni but is not effective In general the situation 
is si nkin g Those elements which are effective oxidation catalysts 
have their outer shell either composed of just one electron or lacking 
just one electron Furthermore, as the number of shells increases 
the greater becomes the tendency for the element to pass mto the 
coUoidal state with hydrogen peroxide and pyrogallol It is impos- 
sible to draw any conclusions at present from these facts, but they are 
very suggestive and mdicate the possibihty of future theoretical 
developments 

SUMMARY 

1 When iron and copper are allowed to act on hydrogen peroxide 
and pyrogallol, enough carbon dioxide is produced to be readily 
measured 


“Taylor (1924), p 1062 
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2 The curve of the production of cnihon dloiade may he fitted 
by an empincal equation, by the use of vrhich the initial rate and the 
total amount of the oxidation may be determined 

3 The effect of the concentration of the reagenta la different m 
each case, the effect \Tirymg as a fractional power of the copper and 
pyrogallol concentrations and as a logarithmic function of the hy- 
drogen peroxide concentration 

4 When gold or silver is used the rate changes suddenly dunng the 
course of the reaction due to the prcapitation of colloidal metal 

5 Mercui>, cadmium, zme, tin, and some other metals have no 
effect, 

6 A theoretical set of equations is assumed to account for the action 
of the metals 

7 The metals ore assumed to act by means of the formation of 
intermediate peroxides 

8 Experiments on the action of gold indicate that the metals arc 
active m the lomc and not m the colloidal state 
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The attempts to cjcplain a part of the behavior of living cells or 
tissues on the assumption that they act as simple ampholytes, while 
fairly satisfactory and suggestive, must be considered only as a 
first suggestion Those who employ this concept admit that living 
cells are more compheated systems than simple proteins, so that 
clear-cut results from studying them from such a pomt of view are 
not to be expected Certain recent researches cannot, however, be 
easily correlated on the basis of mere lack of **clear-cutnes 5 ” For 
example, Robbins (1), from the staining reactions and water absorp- 
tion of potato tuber, has shown that it acts as an ampholyte with an 
isoelectnc point at a pH of about 6 However, Cohn, Gross, and 
Johnson (2) have foimd that the typical potato protein, tubenn, 
obtamed by aad precipitation of potato juice, has an isoelectnc point 
at a pH of about 4 

Winslow, Falk, and Caulfield (3) have studied the electrophoretic 
behavior of the organism bacillus ccreus over a wide pH range, and 
while, m the mam, the curve obtamed may be explamed on the basis 
of a simple Dorman cquihbnum, there is a comparatively wide pH 
range through which such on explanation cannot hold 

Certain unicellular organisms seem to show httle tendency to 
retam either add or basic dye through a comparatively wide pH 
range, m place of through only a narrow range as might be eiqpected 
to be characteristic of the isoelectnc behavior of a simple ampholyte 
(4) Other organisms show no pomt where combination with one 

• ContribuboM from the Gates Chcmicsl Laboratory California. Institute of 

Tfcchnology No IIS 
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or the other type of dye does not seem to take place to a considerable 
extent 

It IS the purpose of this paper to examme the probable behavior 
of a system of two amphotenc substances between which mutual 
combmation may take place under proper conditions, and to show 
that, by emplo3Tng the considerations mvolved, it is much easier to 
explam much of the physical and chemical behavior of hvmg tissues 
than it IS by usmg the concept of a simple ampholyte In the two 
foUowmg papers experimental evidence is adduced, from a study of 
certam simple systems of two ampholytes, m support of this idea 
It may, however, be pomted out that hvmg cells are by no means 
as simple as this above concept would seem to mdicate Its justifi- 
cation hes m the fact that, by sacnficmg only very httle of the 
simphaty of treatment which sufiices for consideration of simple 
ampholytes, one gams greatly m comprehensiveness 

Coficept of a Conjugate Protein 

Consider an aqueous solution of two amphotenc substances, HAOH 
with ionization constants Ka and Ki, and an isoelectnc pomt at a 
hydrogen ion concentration J, and HBOH with correspondmg con- 
stants K'a and K\, and an isoelectnc pomt at I' Suppose I is larger, 
t e more aad, than I' 

In solutions whose hydrogen ion concentration is appreaably 
greater than I both components will act as bases and tend to retam 
aads When the hydrogen ion concentration is appreaably less 
than I' both components wiU act as aads and tend to retam bases 
In solutions whose hydrogen ion concentration hes between I and P, 
however, one component will act as a base and the other as an aad, 
and there wiU be a tendency toward mutual combmation, resultmg 
m a deaeased retention of aad or basic reagent This pH range, 
from I to I', is the range of mutual combmation, and the stabihty of 
the sj’^stem, so far as its behavior as a distmct mdividual is concerned, 
depends among other thmgs on the magnitude of this range This 
rmght explam, for example, why certam conjugated protems, such as 
leathoprotems, though they are thought to exist, have not been defi- 
mtely isolated, while others such as nucleoprotems or phosphopro- 
tems can be easily obtamed 
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Apparent IsocUdne Behavior 

In a system of two ampholytes we have the followmg cquiUbria 

+• - + - 
H + AOH ^ HAOS BA -h OH with constant* JC, Ku 

and 

H -f BOH EBOH HB + OH with constant* KU Kl, %ad I' 

If HAOH is the more strongly addic, there wiU be an isoelectnc 
point at the pH at which 

(AOH) + CBoi) - CHA) + OHB) 


The value of the hydrogen Ion conccntiaUon conespondmg to this 

+ 

point fs obtained by expressing the above quantfbes fn terms of (H) 
and the various constants and solving We obtain 




V K CHAOH) -hJC* (HBOH) 
^ JT* CHAOH) + Ki CHBOT 


(t) 


The isoelectnc point is not exactly the point of maximum mutual 
combination The latter point may be expected to he governed by 
the condition 


(AOH) - (HB) 


and will occur at a hydrogen Ion concentration obtained from the 
following espression 


(H) 


V K (HAOH) 


The two points, though not identical, will he very dose together, 
and the simple expression may be used for calculating the isoelectnc 
point of the system 

EUctrophoreHc Behavior 

From the amphotenc equilibria given above we can, by applying 
the mass-action law and differentiating with respect to the logarithm 
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of the hydroxide ion concentration, obtain the following four equa- 
tions 


from which 


or, since 


JCAOH) ^ Kg (HAOH) (OH) 
d /«(OH) K„ 


dpaA) ^ _ Kt (HAOH) 
d /»(OH) (OH) 


J(BOH) 
d ln{dk) 


K'g (HBOH) (OH) 


ii(HB) 


d /»(OH) 


Ki (HBOH ) 
(OH) 


rf(AOH) Kg (HAOH) (OH)> 


- d(HB) Ki (HBOH) K„ 


(OH) = X„/(H), 


, Kg (HAOH (OH) , 

rf(AOH) — rf(HB) 

Ki (EEBOH) (H) 


Either an increase m (AOH) or a decrease m (HB) will increase 
the resultant negative charge on the micella, and thus increase the 
veloaty toward the anode m a constant electnc field At the isoelec- 
,jj j ii(AOH) 


tnc pomt, as the hydroxide ion concentration is increased. 


dlniOB.) 


-d(HB) 

is of the same order of magnitude as , ; • but the former m- 

d ln{OK) 


creases with increasmg alkahmty while the latter decreases (equations 
(3) and (4)) Through the pH range I to I', the value of —d(HA) 
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is small compared to that of d(AOH), and d(BOH) is small com 
pared to As a result there 'will be a rather rapid increase 

in negative charge through a certain range, passmg through the 
isoelectric point, unt3 nearly all the HAOH is lomzed to AOH, 
irhich lonuation takes place increasingly rapidly as (OH) Is mcreased 

When such a condition is reached, the only possible significant increase 

+■ 

in negative charfec before the point I' is reached is from —dCHB), 


which has less and less effect on the magnitude of the charge as (HB) 
becomes smaller, t e as (OH) is increased (equation (4)) This 
means that through a certain pH range the negative chaige wfll 
remain nearly constant. When I' is reached, however, we have 


~d(HB) , , , , , dfSOH) , 

— L and from this point on ^ Is the predominant 

d(BOH) dIn(OW 

factor Its value increases with (OH), and the negative charge 
again begins to mcreasc more rapidly, and continues until the HBOH 
IS completely ionized From this pomt on, flince we are now on the 
alkahne side of the isoelectnc points of both components and they 
arc thus both in the same iomc state, we may expect the curve to 
be the same as would be predicted by the application of the Oonnan 
equilibrium to a simple amphol3^e 
A simila r condiuon would prevail on the aad ade of the isoelectric 
point of the system as the hydrogen ion concentration is increased. 


tUSCUSSIOK 

It may be well to ate some of the observations which origmally 
led to the more defimte formulation of the concept of a mixed ampho- 
teric aystem 

In connection with certain bacteriological problems the staining 
reactions of a large number of organisms have been studied by the 
author (4) Certam of the typical curves are given in fig 1 ‘ Ab- 

* Bacterial ctD* ftimlah a very satis&ctory material to itady The individual 
cell as a systan can be easily observed, thin stnears can be obtained fairly free from 
dftbria, and equilibrium can be quickly reached, Wc found little diflercnce in 
results behreen buffering for sc\t^ minutes and for as long os 150 hours. Gem 



318 


AMPHOTERIC BEHAVIOR OF COMPLEX SYSTEMS I 


sdssae are pH values and ordinates are arbitrary functions of the 
intensity of retained color Values for the latter were obtained 
by repeated comparison of shdes under the microscope, and are there- 



Fig 1 For e^lanation see text. Broken lines represent behavior toward acid 
fuchsm, imbroken^lines ^except Ciir\’'e A) behavior toward gentian violet 


gross, along the same hne(6), states that hide powder m small quantities, unhard- 
cned by fonnaldeh>’de, reaches complete reversible equilibrmm with acid solu- 
tions m 2 mmutes '^Our final technique consisted m preparing thin smears on 
microscope shdes, staining with “carbol gentian violet” or '‘carbol aad fuchsm” 
solution, “fixing’^ b> treatment with buffer solution, and finally decolonzmg with 
acetone, Shdes of an> senes were then repeatedly compared xmder a microscope 
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fore only qualitative They are, however, comparative and the 
curves represent the behavior of the organism. The intensity plot- 
ting has been conservative and quantitative methods would, we feel 
sure, merely accentuate the contrast between the greater and smaller 
dye retention 

In Curve A of this figure the buffer ratios for the organism BaciUus 
edij obtained by Falh and Shaughnessy (5) are plotted pist above 
the color curve for the same organism (Curve B) * The results are 
suggestive, showing that the buffering power of this organism shows 
itself over a wide pH range with a mammum near the isodectnc point 
of the system as determined by mimmum dye retention 

The curves in this figure axe typical of classes of bacteria A fair 
number of organisms have their point of least color retention around 
a pH of about 3 (Curve D), another large class has a correspondmg 
point around a pH of 5 to 6 (Curve B), and there are a few inter- 
mediate (Curve C) 

Other types of cells were studied, such as red blood cells from 
both human blood (Curve E) and sheep blood In the case of the 
former the smears were made from whole blood and the isoelcctnc 
point of such a system lies a little below a pH of 7 The sheep cells 
used were washed cells and showed a corrcqiondmg pomt at a pH 
very near 7 

Such a system as BaalUts cdt (Curve B) exhibits a range through 
which little dye is retained — either aod or basic-suggesting a con- 
siderable stabihty of the system as a chemical individual, while the 
system Baallus dys^mmx Shiga (Cun'C C), even at its isoelcctnc 
point, still retains fairly strongly both acid and basic dyes, showing 
that there is stfil a fair concentration of both cation and onion in 
the system, and that either actual combination between these two is 
limited, or that the combination is comparatively unstable 

The condition of marlmum combination between the two compo- 
nents of a system of two aniphol3i^es need not mean a condition of 
much combination When (AOH) « (HB), though this is the 
optimum condition for combination, the system may act as a majority 

* In plotting Curve A the pH range given fa the tthlc by Falk»iidShan£hB«*»3^ 

is plotted at ltaloTreitvahe,tlmirhat they give the range 6-7 ft is plotted **6. 
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of lonogens and remain largely m lomc form On the other hand it 
may act m a manner analogous to such salts as lead acetate, mercury 
salts, etc , and the two ions may almost entirely combme The ex- 
tent of this combmation wiU determme the behavior toward amons 
and cations In systems m which the two components are largely 
combmed at the isoelectric pomt we may have behavior smiulatmg 
a simple ampholyte m that there will be a pH range through which 
no appreaable combmation with added cation or amon takes place 



Fig 2 Effect of oxidation on the behavior of Bacillus lyphosiis toward acid 
fuchsin (broken line) and gentian violet (unbroken line) Curve A — original 
organism, Curve B treated with n/50 lodme, Curve C treated with n/50 potassium 
dichromate 

On the other hand, we may have systems m which even at the isoelec- 

tnc pomt there is stiU a fair concentration of both (AOH) and (HB) 
and thus there will be no pomt at which added amons and cations 
will not be appreaably bound 

There are at least two ways m which the isoelectric pomt of a mixed 
system or of a sunple ampholyte may be changed The system may 
be transformed mto a new mixed system either by altermg the rela- 
tive amounts of the components or by addmg another component, 
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or the add or basic properties may be altered by oxidation or reduc- 
tion 

An example of the first effect is reported by Gemgross (7) who 
found that the electrophoretic isoelcctnc pomt of gelatm was changed 
from a pH of 4 75 to 4 3 by treatment with formaldehyde 



Fio 3 


Change In isoelcctnc point by oxidation has been studied by the 
author (4), and certam results are shown m Fig 2 The magnitude 
of the change depends on the degree of oxidation A mild oxidizing 
agent such as loine (Curve B) renders the system more aadic than 
it was onginally (Curve A), but such an oxidizing agent as potassium 



322 


AMPHOTERIC BEHAVIOR OP COMPLEX SYSTEMS I 


bichromate produces a distmctly greater shift m the same direction 
(Curve C) ® 

While reducmg agents do not seem to have any effect on the ongmal 
organism, the effect produced by oxidation has been repeatedly 
reversed by treatment -with stannous chlonde This behavior is, 
of course, analogous to the behavior of practically aU substances m 
the effect of oxidation or reduction on aadic strength 

An mterestmg apphcation of the concept of a mixed system is 
the electrophoretic behavior of the organism Bacillus cereus as worked 
out by Winslow, Falk, and Caulfield (3) and by Winslow and Shaugh- 
nessy (8) Their results are roughly represented by Curve C of 
Fig 3 Absassse are pH values and ordmates are rmgration veloaties 
m an electric field These are measured toward the anode on that por- 
tion of the curve above the zero hue and toward the cathode below 
this hne Curves A and B are both theoretical Curve A represents 
the theoretical electrophoretic behavior of a imceUa composed of a 
smgle ampholyte to which the Dorman eqmhbnum apphes Curve 
B represents the theoretical electrophoretic behavior of a system of 
two ampholytes as worked out above The mtersection of the curves 
with the zero hne represents the isopotential pomt 

In all the cases mentioned above the concept of a mixed system of 
ampholytes, so simple as to contam only two components, offers a 
much more obvious explanation of the experimental facts than thn 
concept of a simple amphol)d:e 

SUMMARY 

The amphotenc behavior of a system of two amphotenc compo- 
nents IS theoretically examined, and this is shown to correspond more 
nearly with certam of the physical and chemical behaviors of hvmg 
tissues than does the concept of a simple ampholyte 

* O-adizing agents were incorporated m the buSer solutions in n/50 concentra- 
tions A goodly number of oxidizmg agents were studied, and, m general, they 
could be arranged m a senes on the basis of the magnitude of theur efiect on the 
organisms, which senes n as roughly the same as arrangement on the basis of 
ondizmg potential The mcrease m acid properties upon treatment mth an 
oxidizing agent, illustrated m Fig 2, was noted m all organisms studied 
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AMPHOTERIC BEHA\aOR OF COMPLEX SYSTEMS 

n, Tctration or Suitaniuc Acii>-Glycine M ixiur xs * 

Bv ALLEN” E. STEARN. 

(From ihe Guta Cheadcal Labontory Oxhjomia InsUiut* of Ttchnolofy, 
Pasodtna) 

(Accepted for publication, July 26 iW6.) 

The conaideratioiia presented in the preceding paper were developed 
as an attempt to explain results obtained in studying living cells (1) 
It is desurable to test them on much simpler systems Mlchaelis 
and Davidsohn (2), in some flocculation experiments, obtained 
data -which support the above ideas in a qualitative way They state 
that, if two amphoteric colloids are mixed, a combination may pre 
apitate out whose flocculation optimum hes between their respec- 
tive isoelectric pomts. Thus -with nucleic add and denatured seriun 
albumin, with i^ectnc pomts of 2 X and 4 X 10*^ respectively, 
there Is a combination with optimum flocculation at a hydrogen Ion 
concentration of 1 6 X 

It is the purpose of this and the following paper to test portions 
of the theory in a more quantitative manner, and in this paper the 
mutual action of two ampholytes, glycine and solfanilic aad, is 
studied by means of titration over a -wide pH range. The latter sub- 
stance was chosen to correspond to the strongly aad nudclc aad m 
living matter That it is amphoteric, with a measurable basic ioniza- 
tion constant, is shown m the fourth paper of the scries In fact it 
has an isoelectric point at a distinctly higher pH, 1.25, than that (0 7) 
of nudeic add (2) The glycmc used was a preparation from the 
Eastman Kodak Company, and the sulfonDic aad was a Merck 
c P grade, which was reprcdpitatcd from alkalme solution by hydro- 
chloric add, washed, and dried 

♦Contribution* from the Gates Chemical Laboratory, Cshfomla InaUtute of 
Technology, No 116 


S25 
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Meihoi, 

An ordinary potentiometer set up sensitive to 0 25 millivolt, was 
employed The hydrogen electrodes were of the type descnbed by 
Bailey (3) A saturated calomel electrode (4) was used m connection 
with a saturated KCl bndge 

A senes of solutions of hydrochlonc aad and carbon dioxide-free 
sodium hydroxide was made up, each solution of defimte known con- 


TABLE I 


HQ 

NaOH 

cOH 




1 




N 


pH 

cH 

N 


pH 



mv 

1 

1 


mv 1 



001 

426 

' 3 00 

001 

004 

924 5 1 

11 425 

00266 

003 

399 

1 2 533 

1 00293 1 

009 

943 

11 74 

0055 

006 

380 

2 217 

00607 

015 

958 

12 00 

010 

009 

370 

2 050 

00891 

025 

968 5 

12 175 

015 

012 

363 

' 1 933 

0117 

040 

981 7 

12 390 

0246 

018 

353 

1 760 

0174 

060 

990 3 

12 540 

0347 

025 

345 5 

1 625 

0237 

080 

997 5 

12 660 

0458 

040 

333 5 

1 425 

0376 

100 

1001 5 

12 730 

1 0538 

060 

323 

1 250 

0562 

130 

1008 5 

12 860 

1 0720 

090 

313 

1 083 

0826 

180 

1014 8 

12 960 

0916 

120 

305 

0 950 

1122 

250 

1024 

13 117 

1310 

150 

300 5 

0 875 

1334 

3511 

1030 

13 217 

165 

200 

292 5 

0 742 

181 





250 

287 8 

0 663 

217 





320 

282 i 

0 56 

2754 1 






centration Pomts on the titration curve were obtamed by mtro- 
ducmg 15 cc of one of these solutions mto a small glass-stoppered bottle 
with 10 cc of a standard solution of the substance to be titrated, and 
the equxhbnum hydrogen ion concentration of the resultmg mixture 
determined The difference between the normahty of the aad or 
base diluted with 10 cc of water and that diluted with 10 cc of the 
glyane or the sulfanihc aad will give the amount neutralized The 
ongmal normality, N, is known and the latter can be obtamed from the 
measured cH if we know the degree of ionization, t e the normahty 
IS equal to cH/ar, where a. is the degree of ionization, which value 
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must be determined potcttUomctnccUy (5) Thus the number of 
mols, n, of the HG or the NaOH neutralized by the glydne or sul- 
fanfllc add is given respectively by the expressions 

cH cOH 

« - H for HCI and >• - n — for NtOH 

a a 

The only assumption involved Is that at the same nonnahty the aad 


TABLE II 


a BO 

a,M.T 

pH 


m 

320 

m. 

285 

0 617 

2415 

041 

250 

291 8 

0 730 

1862 

0395 

200 

298 5 

0 842 

1439 


150 

307 5 

0 992 

1019 


120 

316 

1 133 

0736 


090 

326 5 

1 303 

W92 

0375 

06Q 

344 5 

1 608 

02466 

0345 

040 

365 3 

1 970 

01072 

0291 

025 

338 

2 350 

00477 

0205 

018 

400 5 

2 558 

00277 

0152 

012 

414 

2 800 

00159 

0104 

009 

422 5 

2 942 

00114 

00786 

0(» 

434 

3 133 

000736 

00526 

003 

455 5 

3 492 

000322 


001 

484 

3 93 

000105 


0000 

598 

5 9 

— 

— 

NiOH 

(m 

766 

S 75 

cOH 

0000056 

004 

009 

790 

9 15 

000014 

009 

015 

806 5 

9 43 


015 

025 

831 5 

9 86 


0249 

0373 

871 5 

i 10 53 

00034 

0368 

OiO 

895 

10 933 

00085 

0387 

000 

964 

12 10 

01259 

040 

oao 

981 

12 383 

02415 

0397 

100 

990 5 

1 12 542 

03483 

0401 

130 

1000 5 

12 70S 

05105 

0397 

180 

1009 5 

1 U 875 

0750 

0398 

J50 

1019 

1 13 033 


0405 

3511 

1028 

13 183 

1524 

040 
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or a1ka.1i ionizes to the same extent m the presence of the glycme or 
sulfanihc aad as it does when these are absent 
Table I gives values of cH and cOH for various normahties of 
HCl and NaOH at mom temperature, 20-22°C By plottmg N 


TABLE in 


SoUanilicadd 


0 04 N 

0 023N 

pH 

n 

pH 

n 





2 13 

— 

2 47 

— 

2 433 


3 033 

009 

2 683 

009 

3 50 

015 

2 917 

015 

3 54 

018 

3 282 

025 

11 18 

023 

4 50 

040 

12 03 

0226 

12 0S4: 


12 33 , 

0234 

12 367 


1 


12 553 

040 



12 70 

039 



12 88 

039 



13 033 

0395 



13 183 

04 




Glydne 

0 ION 

0 02 n 

pH 

n 

pH 

n 

1 14 


0 913 

ISI 

1 483 

0864 

1 033 


2 26 

0544 

1 183 


2 56 

0372 

1 408 

0186 

2 86 

0236 

1 638 

016 

3 033 

0178 

2 01 

015 

3 233 

0142 

2 192 

0115 

3 37 

0086 

2 467 

0086 

3 55 

0057 

2 622 

0066 

3 85 

00286 

2 867 

00464 



3 20 

00237 



3 70 


5 9 

— 

5 9 

— 




00845 



10 017 

0140 



10 05 

0164 



11 45 

0197 



12 07 

020 



12 36 

0203 


agamst cH or cOH, curves are obtamed by means of which the nor- 
mahty of aad or base correspondmg to any hydrogen or hydroxyl 
ion concentration may be read 

Titration of Clyanc and of Snlfamhc Acid — An n/ 10 solution of 
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gl>cine was prepared, and 10 cc of this added to 15 cc each of the 
vanons solutions of HCl and NaOH The resulting glycine concen 
tration was thus 0 04 Table XL gives the results with glycine n 

TABLE rv 
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Table m gives, m condensed form, results obtained with certam 
concentrations of sulfamhc aad as well as certam other concentra- 
tions of glycme The solubihty of the sulfamhc aad prevented 
making an n/10 solution at room temperature, so the solution was 
made up at 40°C usmg such a volume that 0 1 mol would occupy a 
volume of 1 hter at 20°C A quantity was pipetted from this solu- 
tion at 40° such that it would occupy a volume of 10 cc at 20° As 
may be expected, aad titration of sulfamhc aad has httle meamng, 
smce at the pH where any efiect may be expected, a very small 



Fig 1 

change m E m f corresponds to a large quantity of sulfamhc aad 
neutralized Thus, except for glycme, only alkahne titrations are 
mduded 

In Tables HI and IV, n represents mols of HCl neutralized when 
it IS above the center hne, and mols of NaOH neutralized when below 
this hne 

Table IV, which is analogous to Table HI, gives results obtamed 
from the titration of various mol ratios of glycme and sulfamhc aad 
The concentration of glycme is given first m the ratios, ^ e the ratio 
0 04/0 043 means a mixture contammg 0 04 mol glycme and 0 043 
mol sulfanihc aad per hter 
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The curves in Fig 1 are plotted from data obtained by titration 
of the 0 04 K ^ydne (Curve I), the 0 04 n sulfanilic add (Curve H), 
and the 0 04/0 043 mixture of glycme and sulfanfllc add (Curve HI) 
The alkaline titration of the sulfanihc aad (Curve H) is plotted on 
an absaaso; scale 43/40 that of the other curves to compare ita be- 
havior easily with that of the mixture The broken portions of the 
curves ere drawn, not through directly determined experimental 
points, but through points calculated from the banc ionization con 
Btant of sulfanihc aad (6) Absdss® give the mols of HCl, meas 
ured to the right of the zero line, or of NaOH, measured to the left 
of this line, neutralized, os calculated by the formula given above, 
while ordmates give the corresponding pH Similar curves may 
be obtained by plotting in a like manner the data from the other 
titrations. 

The striking thing about the curve is the high buffering action of 
the mixture of glyane and sulfanihc add about a pH which, it will 
be shown, corre^nds dosely with the value that one would calcu 
late for what has been termed the isoclectnc point of the system, from 
the formula developed in the first paper of this senes. Moreover, it 
will be noted that the behavior of the mixture as a seeming mdividual, 
at least with a characteristic curve diffenng from the curves of the 
components studied alone, is confined to that portion of the pH 
range between the respective Isoclectnc points of the components 
At a pH above the isoelectric point of glyane the curve representing 
the b^vior of the mixture is an exact duplicate of the glyane curve, 
displaced to the right, of course, by the amount of the sulfanihc aad 
concentration in the mixture In the same way there is no reason 
to doubt that the curve below the isoelectric pomt of the sulfanihc 
add, at a pH of 1.2S (6), and that of the pure sulfanihc add would 
also duplicate each other, though unfortunately, with this substance, 
that portion of the curve cannot be eas il y experimentally realized. 

CclculaUOH of ihc Amount of Glycine Neutralised by StdfanUic Add 
— ^The total amount of ^ydne neutralized can be estimated by 
conadenng the expression 

H + - g 1 CgiydM ion) + HOH 
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where 

(H) (glyane) 

Reading the titration curve at vanous known ratios of glycine ion 

concentration to that of unneutrahzed glycine, K may be evaluated 

+ 

For example, when the glycme IS half neutralized, K = 1/(H) = 223, 
smce 0 02 mol of glycme is seen to be neutralized at a pH of 2 35 
or a cH of 0 0047 In a hke manner for the foUowmg ratios the cor- 
respondmg values of K are obtamed 


Ratios 

pH 

K 

0 333 

2 8 

211 

0 500 

2 64 

218 

1 000 

2 35 

223 

2 000 

2 05 

224 

3 000 

1 9 

238 

Mean 

223 


From the value of K the amount of glycme neutralized at any pH 
can be calculated In the presence of NaOH this value is, through 
the pH range mcluded m Table V, also the amount of glycme neu- 
tralized by the sulfanihc aad WTien HCl is also present one must 
subtract from the total glycme neutralized the amount neutralized 
by the HCl This can be satisfactorily approximated by putting it 
equal to the sum of the mcrease m glycme ion and the decrease m 
sulfonate ion at any pH, referred to their respective concentrations 
m the absence of the HCl 

Table V gives the results of such calculations for the mixture 
represented m Fig 1 Above the center hne the mixture contams 
NaOH, while below, it contams HCl Glycme ion is represented by 
ot, sulfonate ion by S, and their respective tabulated increments 
by AgI and AS 

The mols of glyane neutralized by the sulfanihc acid are seen to 
pass through a maxunum when there is neither HCl nor NaOH pres- 
ent Such a mixture has a pH of 2 74 The theoretical value for 
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the isoelectric point of such a system, it 'will be remembered from the 
first paper of this senes, is ob tamed from the expression 


(H)+ 


V K CHAOH) 

Kl (HBOH) • 


■where, m the present case, iC, is the aad ionization constant of the 
euifanihc aad, 7 X lO--*, and (HAOH) is its concentration m imlonized 


tabie V 


CboraHiatioa 

o4Hpor 

N*OH 

cH 

A 

8 


AS 

Glydoe 

antnlljn] 

bjHO. 

OItcIm 
D twtnJtaed 
by wit- 

ttTrfflr 

0267 

00033 

00273 

— 



— 


00273 

0133 

00083 

0062 

— 

— 

— 

— 

0062 

0075 

00117 

00825 

— 

— 

— 


0083 

0030 

00141 

00954 

— 

— 


— 

0095 

00133 


01040 


— 

— 


01040 

0000 

00183 

01155 

1 

0119 


- 

- 

01155 

001 


0117 

01175 


OOOIS 

1 00030 

01140 

002 


0119 ' 

0115 

00035 


00075 

01115 

003 


0126 

01085 

00105 


: 0021 

0105 

006 


0138 

0098 


0021 

00435 

O0W5 


00266 

0149 

00895 

00335 

00295 

0063 

0086 

012 

00329 

1 0169 

00755 

00535 

00435 

0097 

0072 

018 

00439 

0197 

0059 

008IS 

0060 

01415 

00555 

025 

0062 

mTomi 

00436 

01165 

00754 

01919 

0040 

040 

0124 

0294 

0023 

01785 

0096 

02745 

00195 

060 

0261 

(mi 

0011 

02255 

0108 

03335 

00075 


form, and Ki is the basic ionization constant of thcglycme,2^ X 10~“, 
and (HBOH) is its concentration in umomzed form. Substitutmg the 
proper ■values, one is lead to the theoretical pH "value for the isoelectric 
point of this mixture of 2 73 in place of the observed "value of 2 74 
Other mol ratios yield analogous results Table VI compares the 
observed pH of the isoelectric points of vanous mixtures of glycme 
and sulfanihc aad with the calculated values These calculated 
theoretical "values, It will be remembered, correspond to the pH at 
which the negative sulfonate ion concentration Is equal to the posi 





















334 


amphoteric behavior oe complex systems h 


tive glydne ion concentration They are obtained by solving the 
following two simultaneous equations for y 


y « 

C ~ X 


Ka and 


c' — X 


Ki 


where y is the hydrogen ion concentration corresponding to the pH of the iso- 
electnc point of the system, 

X IS the sulfonate (or glycine) ion concentration at this pH, which is the 
same m case of both ions, 

c IS the total sulfanihc acid concentration, and Ka Us acid ionization 
constant, 

c' IS the total glycme concentration, and K{, its basic ionization constant 


TABLE VI 


Concentration of 
suUanHic aad. 

Concentration of I 

glydne 

pH observed, i 

1 

pH calculated 

043 1 

040 

2 74 

2 73 

01 

09 

3 40 

3 44 

03 

07 

2 98 

3 01 

04 

10 

3 06 

3 03 

05 

10 

2 98 

2 97 

10 

10 

2 74 

2 75 

02 

02 

2 76 

2 75 

10 

05 

2 58 

2 54 

08 

04 

2 57 

1 2 54 

07 ' 

03 

2 51 

1 2 50 


Table VII gives certam results of the same nature as those mcluded 
m Table VI but for a few other pairs of substances In connection 
with the work presented m the followmg paper a sample of lysme 
was prepared from hydrolyzed casern The lomzation constants of 
this substance are evidently not very accurately known, probably 
since it is difficult to prepare it with a high degree of punty Scud- 
der (7) gives for Ka about 1 X 10““, and for Ki “less than 1 X 10“^ “ 
From Tague’s titration of l}^me dihydrochlonde (8) one may calcu- 
late the value of Ka, which is found to be 1 2 X 10~”, but, though 
the second basic ionization constant can be obtained from his curve, 
the first, which is the significant one, cannot Solutions of the 
sample prepared for this work gave a pH to water of 8 8, which, usmg 
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1 2 X 10~” for Ktt gives the value 5 X 10“* for the first It is 
almost impossible to be sure that one has not a trace of sulfuric aad 
in such a preparation, however, and for the calculations of the theo- 
retical pH values given in Table VII the value 7 X 10~* was used 
The agreement between the observed and calculated values of the 
isoelectric pomts of these systems, though still quite satisfactoiy, 
15 not so good as m Table VI This may be due partly to the pro^ 
Icmatical value of Kh, for lysmc used in calculating the theoretical 
values, and partly to the fact that small changes in the mol ratio 
have a much larger effect on the pH than is true for glyane and sul 


TABIZ VTL 



pHohsemii, 

pR ctkolatvd. 

0 04 folfaniUc 0 02 IjiIq 

3 09 

3 15 

0 02 " 0 02 

4SB ■ 

5 0 

oca " 0 04 “ j 

6 69 j 

6 82 

0 02 glydne 0 01 lydn 

8 05 1 

8 09 


fanilic add, and thus small errors m the total concentration, which 
may be the case for the I> sine, will contribute largely to the disertp- 
andea The agreement is, however, considered good 
It will be noted that m the last mstance the glydne is playing the 
rdle of the add constituent of the mfirture, as it is now at a pH above 
its isoelcctnc point 


SUintAILY 

Electrometric titrations of glycine, sulfanfbc aad, and various 
mixtures of the two have been made Hiese mixtures arc shown to 
give a curve which, between their reqiective isoelcctnc points, is dif- 
ferent from that of either substance. These mixtures have a maxi- 
mum buffering power at a pH which can be theoretically calculated, 
and which has the characteristics of an ^‘isoelcctnc pomt of the 
system " 

Other pairs of ampholytes arc shown to act m an analogous manner 
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PHYSIOLOGIC^ ONTOGENY 
-V Chicken Embryos 

NH The IIetaboush as a Function ot Age 

Bt henry a iIURRA\ Jjl 
Wrm mE A»smAi9cc or Yetta Poiosowie^ 

(Frcm (he FlctpUal 0/ The RockefetUr Fnstttule for Uedxeal Rztearck ) 

(Accepted for pubbeadon Juij 26 1926 ) 

The rates of absorption, storage, and elimination of energy are per 
haps the best indices that we possess of the \ntahty of a bving organ 
ism Since it has been frequently verified that [A] absorbed energy 
*> {5] stored energy + [£] eliminated energy, and since, by the chcmi 
cal analyses of embryos at successive ages, the rate of storage has 
been ascertained (1), it remains only to obtain the catabohe activity 
of the embryo m terms of age This has been done by the manometer 
method for the estimation of oitygen, and the present communication 
reports the results The imtial estimations of COi production re 
ported elsewhere (2) were admittedly subject to a number of unknown 
variables determinable with difficulty, such as variations in the con 
centration of COj m the embryo and in the albumin and yolk, to- 
gether with the contribution made by the carbonates dissolved from 
the shell These values are functional to the carbon dioxide tension 
about the egg, and since, moreover, they cannot be estimated with 
great precision, a statistical analysis of the data from a very large 
number of eggs would be necessary For these reasons we chose to 
measure metabolism by the oxygen consumption 

Method 

A Warburg manometer was used, attached to a special glass vessel 
to contain the hen's egg The egg rested upon glass tips projecting 
from the walls to suspend it above the bottom which was layered with 
5 cc of a 1 0 N NaOH solution 
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The volume of each apparatus, and thus its constant, was obtamed 
by the method of Warburg (3) Brodie’s fluid was used m the manom- 
eter The volume occupied by the egg contents m the vessel, « e 
the whole egg min us the air sac, was assumed to be equal to the weight 
of the egg mmus the weight of the shell (approximately 6 gm ) In 
general, eggs of the same size and shape were selected 
A control was made with each test, at first m the form of a fertile egg 
of 1 day mcubation, but later, when this was found unnecessary, with a 
vessel empty except for the alkah The experiments were done m a 
constant temperature room, eliminatmg thereby the use of a water 
bath 

A thermometer ground mto each glass cover registered the tempera- 
ture, which averaged approximately 39 0°C The small fluctuations 
which did occur were not found to affect appreaably the results 
Moreover, it was found that the large surface of alkah exposed pro- 
vided for maximum absorption of COi without the necessity of shak- 
mg Shakmg for a minute pnor to readmg the manometer made no 
difference m the result Nor was it found, when thm rubber tubes m 
which cold water flowed were run along one side of the vessel to cool 
the wall over this area and thereby to imtiate by convection a regular 
circulation, as m Barach’s (4) recently constructed human oxygen 
chamber, that any acceleration of CO 2 absorption took place 
About I hour (the length of time bemg judged by the behavior of the 
control) was allowed for conditions to reach eqmhbnum After this 
time readmgs were taken at varymg mtervals dunng penods of 2 to 6 
hours until repetition of approximately similar results made one con- 
fident of their rehabihty Dunng the intervals between tests, the 
manometer and vessel were connected with an oxygen bag, so that 
the concentration of oxygen withm the vessel remamed always the 
same 

To obtam values for the rate of oxygen absorption per gm of body 
weight the following figures are necessary, (1) the constant for the 
vessel (previously calculated) , (2) the manometer readmgs, (3) the 
weight of the whole egg, and (4) the weight of the embryo 

One phenomenon w'as observed which we have not been able to ex- 
plain The embryo of an mcubation age over 16 days, even when con- 
nected with the oxygen bag, did not survive m the apparatus over 12 
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Hours Their metabolism after 3 to 6 hours gradually fell If the 
vessel was fully opened to the air for a few minutes the embryo would 
rervuve Apparently It had nothing to do with a lack of oxygen, ac 
cumulation of COj, or changes in the humiditv, neither was there an 
accumulation of ammoma. 


TABLE r 
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« 

3 
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29 3 

0 75 
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10 
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36 5 
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0 75 

29 0 

0 79 

10 
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32 8 

1 2 

35 0 
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0 465 I 

0 71 

28 5 

0 81 

11 
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33 9 

1 2 

Si 0 
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19 
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0 3 

20 0 
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0 056 



14 2 



Cohnnn 6 “ figures calculated by the aid of values for the percentage of sobd 
substance prrvKmaly detennined (Murray (1)) 

Cohimn 7 ■■ values in Column 2 divided by 2019^ (amount of oxyfjeu ab- 
sorbed ■when I gm* of fat Is burned) 

Cohimn B •• figures previously obtained (Murray (1) Tabic HI) 

Column 10 »• figures read from smooth curve previously obtained (Murray (5)) 

KESULTS 

The results of the oxygen determinations (Table I) may be seen 
(Fig 1) to demonstrate a decrease m metabolic rate per gm of body 
weight with age. This conclusion confirms that reached when the 
carbon dioxide was detenmned, except that m a more preasc analysis 
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and comparison of the results it appears that the oxygen estimations 
show a sharp fall of metabohsm dunngthe first days of the period under 
observation, whereas the carbon dioxide figures do not (5) As has 
been mentioned m the mtroductory remarks, however, numerous com- 
phcations ansmg from the vanabihty of unknown factors cast doubt 
upon the value of CO 2 ehmmation as a measure of catabohc change 



Fig 1 O'vj'gen consumpUon m cc per gm of wet weight of chick embryo 
per da\ , as a function of age 


The oxjfgen determmations on the other hand were well controlled and 
presented no ob\nous factor to vitiate their use as indices of metabohc 
activity 

To oxidize 1 gm of fat approximately 2000 cc of Oj are absorbed, 
whereas to oxidize 1 gm of protein f966 3 cc ) or starch (828 8 cc) 
about 900 cc of 0- are used (6) The total oxygen consumption for 
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the first 19 days, estunatcd by graphical integration, comes to 2983 
cc,, which on the basis that only fat is burned during incubation leads 
to the conclusion that 1 48 gm of dry substance fat) is oxidized 
during that period If only protem and starch were burned, it would 
require over 3 28 gm to use the observed amount of oxygen Pre- 
\dou3 chemical analyses have shown that appromnately 1 62 gm of 
substance is burned dunng the first 19 days, a figure which may now 
be accounted for on the assumption that 92 per cent of the metabolism 
is oxidation of fat, and the rest of protein and carbohydrate. This 
value ifl to be compared to 98 per cent fat oxidation found by mcasur 
ing the CO* output The former figure is probably more accurate 

During the last 5 days of incubation, when about four fifths of the 
total oxidation takes place, the respiratory quotient is approximately 
0 71, which points to fat consumption, dunng this penod The carher 
values for the respiratory quotient ore somewhat higher (up to 0 81) , 
but they are variable and it is imcertain whether they deserve con 
sideratlon The results point to some error during the first 3 days 
when the COt figures, and thus the quotient, also seem to be definitely 
too low 

If we discard the carbon dioxide estimations in favor of these later 
Oj determinations and assume as we may without undue error that 
catabolism is at the expense of fat, we amvc at some notion of the 
changes m the metabolic rate with age, 

Regardmg the organism energetically and dynamically, the amount 
of energy exchange measures its activity or vitality Hence, the 
amount of energy stored plus the amount set free might be used as a 
entenon of aliveness By addmg the rate of storage in terms of weight 
(previously obtained) to the rate of ehmination, likewise in terms of 
weight as measured by oxygen usage, one obtains the desired value, 
namely, the rate of dry mass absorption per gm of body weight per 
day (Table I) It may be seen (Fig 2) that there is a marked fall with 
age in the rate of absorption expressed m these terms Reasons ha%e 
been enumerated for bellevmg that dunng the first half of meubation, 
when the amount of metabohsm is small relative to the total metab- 
olism during meubation but large relative to the weight of the em 
bryo, there is a not mappreaable amount of protem and carbohydrate 

oxidized If this were a fact a straight line rather than an S-s.' ’ 

curve as graphically represented might be indicated. 
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The consumption of food durmg the early days is enormous On 
the sixth day for mstance the embryo absorbs over its own mass of 
dry substance Assummg that the water content of the diet is ap- 



Fig 2 AbsorpUon of sobd matter m gm pergm of dry weight of duck embryo 
per da> , as a function of age, 

proximately that of the tissues, this would be equivalent to a mature 
man eatmg about 150 pounds of food per day Dunng the 12 days 
under obsenation, houe\er, the percentage rate of absorption falls 
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to about 25 per cent (one-fourth, its eaiUer value) According to 
Lotka, a mature meadowlark consumes about 6 6 per cent of its own 
weight a day (7) which would suggest a fall in absorption rate dur 
mg the postcmbryonlc penod of a degree comparable to that which 
occurs during the 12 days before hatching 

smmAEY 

1 The previous findings that the rate of metabolism per gm of 
body wdgbt decreased with age, and that during the incubation penod 
catabohsm was mostly at the expense of fat, have been confirmed. 

2 These determinations of the rate of oxygen uptake have afforded 
more precise values for the catabolic rate and thus permit estimations 
of the changes with age m the rate of absorption 
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REGULATION OF THE HYDROGEN ION CX)NCENTRA- 
TION AND ITS RELATION TO METABOLISil 
AND RESPIRATION IN THE STARFISH. 

Bt LAURENCE IRVING 

iFrm fke IkparimftU cf Phystoloiy cmd the Bophms Marine Station of Stafford 
University PactH Grove) 

(Accepted for publicatiaa July 26 1W6) 

The composition and condition of the body fluids of ammals show 
departures from those of their environment usually corregmding to 
thexr degree of development In the ccelenterates and sponges a 
free circulation of sea water accomplishes the distribution of materials 
The intenor and exterior are then exposed to practically the same 
medium In the starfish, however, there art a closed ccclomic 
cavity and a digestive system which are not swept by a constantly 
renewed supply of sea water ITie fluids contained m these spaces 
are similar to sea water, but modified bv the endosmg tissue so as to 
be true components of the organism The hydrogen ion concentra 
tion of the body fluids becomes progressively greater m the deeper 
regions of the organism, establishing a gradient from the mtenor 
toward the extenor The normal reactions of these fluids are shown 
here to be optimal for several representative raetabohe processes 

In the starfish there is a mouth-opening situated on the lower 
side, through which the soft cardiac portion of the stomach is extruded 
to surround food In this stomach digestion proceeds until the food 
IS sufficientiy disintegrated to permit its withdrawal into the body 
The partially digested food is then swept by aliaty currents through 
the pylonc ceca, where digestion and absorption are effected Then, 
apparently the products of digestion pass through the wall of the 
caecum into the surroundmg ccclomic fluid Here agam dlmiy cur 
rents, together with body movements serve for distribution (Irvmg 
1924 - 25 ) 

Die mvestigations presented were earned out with two forms of 
545 
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starfish common m the vicmity of the Hopkms Marme Station at 
Pacific Grove, Cahforma These forms were Pisasler ochraceiis and 
Pattna imimta Patma is short-armed, thm-walled, and much 
more tractable m aquana It was therefore used for most of the 
experiments, although many of them were also tried on Ptsaster 
with correspondmg results 

Normal pH of Stomach, Casca, and Ccelomic Fluid 

The foUowmg prehmmary experiments showed that the stomach 
is distinctly more aad than sea water Mussel meat stamed with 
neutral red takes the deep red color of a pH less than 7 Dunng 
cardiac digestion of such meat, the red color is retamed, and the 
stomach walls take and keep for several days a pmk color mdicatmg 
a hydrogen ion concentration near neutrahty Several tunes I was 
able to pipette enough flmd from the stomach through the mouth to 
show a pH between 7 3 and 7 5 with phenol red This flmd is al- 
ready much more acid than the sea water with which it is in such 
relatively close contact 

After mgestion of stamed mussel meat the oral lumma of the caica 
stam deep red with neutral red, the remaimng regions bemg naturally 
too dark to show the dye The red color remams conspicuous in the 
lumen for a week, durmg which time this particular cjecum region 
plainly remams more acid than sea water, but not far from neutrahty 
Although the neutral red color m the dark cseca is difficult to com- 
pare directly, the stamed csecum changes color distmctly when placed 
m a more alkahne or aad buffer solution A senes of c£cca stamed by 
mgestion of neutral red were placed m buffer solutions, and, from 
observation of the solution producmg the least change, the oecum 
pH vas estimated to he between 6 6 and 7 0 This is qmte contrary 
to the observations of Roaf (1909-10') who declares that the caca of 
Astcnas riibcns become alkahne after digestion is completed 

Samples of coelomic fluid, which surroimds the caca m the body 
ca\nty, shoved the followmg aadities 

Palma pH 80 77 76 76 76 76 

Pisaslcr pH 75 76 75 81 76 76 

Sea vater pH 8 3 


Roaf (1909-10), p 448 
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These arc typical of many dclenninations tahen at various periods 
before and after feeding, and, considering the difficulties from mix 
turc with sea water and a slight opalescence, mdkate a consistent 
normal close to pH 7 6 McClendon (1916-17) found the pH of coelo- 
mic fluid of the sea urchin Toxopmitstts vancgatus between 7 7 and 7^, 
whale Crozier (1918) found the coelormc fluid of the holothurmn 

TABLE I 


C/wiKfa in the Bydro^cn Ion Omctninixm of Sea Water Caused by Excised Croat 
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o — outfkic toward codom J t. - inside 


Stsekopsts imebn at 7 6 Coelomlc fluid is also different from sea 
water in its salts The freexmg pomt depression of a sample from 
Paitna was deterauned by Dr J P Baumberger to be I 885, com 
pared with 2 075 for sea water 

These observations show that the fluids and organa of Patina and 
Ptsasier are maintained at an aadity quite different from thfl 
sea water 
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The Optimum for Survival 

After the discovery that the internal organs and fluids have each a 
normal, regular pH, they were next subjected to environments ^’nry- 
mg m this respect In order to start under reproduable conditions, 
sea water acidified with HCl was aerated imtil a constant pH vas 
reached, mdicatmg the arrival of the solution at carbon dioxide 
equflibnum with the air 


TABLE n 


Changes m the Hydrogen Ion Concentration of Sea Water Produced by Excised Caeca 


Experiment No 

5tart 

17 hrs 

211113 

45 hrs 


PE 

PS 

ps 

ps 

1 j 

5 0 

6 2 

6 1 

6 0 

2 

5 4 

6 3 

6 3 

6 1 

3 

5 8 

6 3 

6 3 

6 1 
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6 0 

6 7 

6 7 

6 2 
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6 2 

6 3 

6 3 ' 
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6 4 

6 3 

6 3 

6 2 

7 

6 6 

6 3 

6 3 

6 1 

8 

6 8 

6 7 

6 7 

6 7 

9 

7 0 

6 8 

6 7 


10 

7 2 

6 8 

6 7 


11 

7 4 

6 8 

6 7 

, <5 6 

12 

7 6 

6 8 

' 6 8 

6 6 

13 

7 8 

' 6 8 

6 8 


14 

8 0 

6 6 

6 5 


15 

! 8 2 

6 7 

6 7 


16 

8 4 

6 7 

6 7 



To such solutions m test-tubes, excised cieca were added, one m 
each tube Table I shows the changes which charactenstically 
occurred m these experiments, and Table II extends the results 
The condition of the tissues was determined in each case by examina- 
tion vnth a binocular dissecting microscope 
These experiments show a tendency of the exased, h\ang cteca to 
alter the medium tovard a pH of about 6 7 \^flien the pH fell 
belo\^ 6 7 to about 6 3, dismtegration and injury to the ciha were 
apparent The halt at pH 6 7 is too distinct to represent gradual 
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decomposition; and the subsequent rapid fall to pH about 6 3 mdi 
cates a change to a new status Probably the lower pH, which is 
concomitant in appearance with physical signs of tissue death, repre- 
sents the stage of autolysis It is apparent that the hving animal 
mamtains a rather definite normal reaction of Us cseca, and that the 
GEca themselves when excised arc capable of producing the normal 
reaction m sea water media initiaily quite different 
All of these tests dealt with living tissue, except as indicated It 
was not a matter of autolysis or putrefaction because of the persist 
cnce of ciliary action and the absence of the conspicuous odor of 
dead maime animals These soft tissues dismtegrate and produce 
unpleasant odors almost immediately after cillaiy action ceases 

Tht Opimim pH for Dtgestton 

Many of the older physiologists investigated the problem of diges- 
tion m echmoderms and produced conclusions of quite contradictory 
nature Abdcrhalden (1911*) lists seven different emeymes named m 
echmoderms by various workers The names appear, however, to 
be usually assigned by analogy with mammahan enzymes on the 
basis of substance digested and conditions of action, quite apart from 
nonnal conditions Beyond these analogies, based often on rather 
indefinitely reported observations, there is httlc precise evidence of 
the nature of the enzymes. It is dear that the caeca produce diges- 
tive enzymes (Frtdcncq, 1878, Cohnheim, 1901, van dcr Heyde, 
1922, 1923) These enzymes easily bring about autolysis of the 
organs, but extracts behave in an extremely slow fashion Further 
more, the technique applied to their study has not been of the sort 
calculated to give quantitative results 
Fr^dencq (1878) first dearly showed that proteolytic digestion 
by the caeca occurred near the neutral reaction Other invertebrates 
probably cany on digestion naturally near neutrality, and not in the 
strongly aad condition where pepsm finds its optimum Darwm's 
observations on digestion in the earthworm show a nonnal reaction 
near neutrality (Darwin, 1890) Bodansky and Rose (1922*) extracted 

’AbdcibaWcntl9n),p 538 
* Bodansky arid Rose 0922) p 475 
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a digesting substance from jelly fish which had one optimum for 
gelatm hquefaction at pH 2 6, and another, much more favorable, 
at pH 7 3 The optimum at pH 2 6 seems too far removed from the 
normal reaction of sea water, which circulates so freely through the 
animal, to be important under vital conditions The empty stomach 
of Stichopus was found by Crozaer (1918) to have a pH between 5 0 
and 6 5, while dunng feedmg it ranged from 4 8 to 5 5 Crozaer 
remarks that this animal’s calcareous diet may constitute a speaal 
condition which is met by the relatively strongly aad digestive juices 
Roaf’s observations of cH 10"* dunng digestion m Astenas ruhens^ 
suggest an aadity far greater than any which I observed m Ptsaster 
or Palma, although they are similar forms Van der Heyde (1922) 
observed m the stomach of Astenas pH 71, 7 6, and 7 7, and m the 
caeca 7 3 The chemical methods and biological conditions mvolved 
in deterrmmng the normal hydrogen ion concentration dunng diges- 
tion must be rather precisely established, so that many casual ob- 
servations require cntical exammation From the available evidence 
and the biological conditions a natural reaction far from neutrahty 
would be unexpected 

Because of the difficulties found m separatmg active extracts, 
digestions by exased survivmg caeca tn vitro were used These are 
here mcely apphcable because of the appropnateness of the caeca 
and the excellent cntenon of their survival m ciliary activity 

Pipettes were prepared with their tips protected by rubber tubmg, 
the opposite end beanng a short length of rubber tubmg and a pmch- 
cock 2 cc of the solution to be digested were mtroduced mto the 
pipette, its lower end stopped, and the pmch-cock closed By shghtly 
withdrawmg the closed rubber tube from the pipette the solution 
could be retamed without loss Next the rubber-protected end of 
the pipette was mserted mto the open (pylonc) end of a previously 
weighed caecum and the caecum tied on with silk The caecum was 
then dramed and transferred to a test-tube contammg 10 cc of sea 
^ater prepared at constant pH The pipette and caecum were sus- 
pended m the solution by a cork, the pmch-cock opened, and the 
solution allowed to run mto the caecum The caecum became dis- 
tended and remamed distended, if unmjured, for 2 days or more 
In this way a sack of hvmg digestive tissue was produced, with a 



LAURENCE IRVING 


351 


capadty m the case of large csca of over 3 cc Products of protem 
digestion diffused through the caicum wall and were determined by 
the Van Slyke method for ammo mtrogen 


6 T 6 5 4 3 
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nitrogen production, 2 cc of sea water aadified and equilibrated by 
aeration were introduced through the pipette into the caecum The 
caecum was then imm ersed m 10 cc of the same solution After an 
interval of tune a 2 cc sample of the external hquid was removed and 
its amm o nitrogen determined The new pH of the solution was also 
noted In this way the ammo mtrogen production of the caecum 
alone could be determined Data for the results are mdicated m 
Fig 1, Curve A 

These control experiments indicate a minimum ammo nitrogen 
production at about the neutral pomt, mcreasmg on each side The 
neutral reaction has already been shown to be near the normal for 
caeca, and consequently tissue death and self-digestion would be 
expected to be less Bactenal action is not excluded, but if present 
IS least effective m producmg ammo mtrogen at neutrahty Evi- 
dently also the energy consumed by the tissue durmg survival is not 
produced from protem, or the ammo mtrogen would mcrease at the 
point of greatest activity 

To detennme the effect on food digestion of vanous hydrogen ion 
concentrations, a 2k per cent solution of gelatm m sea water was used 
Control determmations of the ammo mtrogen production of this 
stocL solution durmg 48 hours are shown m Fig 1, Curve B 2 cc 
of the solution were added to 10 cc of the sea water used m the ex- 
periments The tune of these controls is double that m the expen- 
ments on gelatm digestion, and yet the ammo nitrogen production 
IS very small 

The digestive effect of oeca on gelatm was tned m solutions at 
vanous hydrogen ion concentrations All sea water used was aadi- 
fied mth hydrochlonc acid and then aerated to constant pH At the 
time of digestion determination, pH was again detenmned and the 
results were found m accord vuth previous experiments Results 
are mdicated by Curv-^e C m Fig 1, where two t}q3ical experiments 
are recorded together The curv^e presents directly the appearance 
of an optimum for digestion near pH 7 The greater ammo mtrogen 
production m aad reactions is obviously, from Curve A, attnbutable 
to autolysis WTen a cuix'e is adjusted by deduction of ammo nitro- 
gen production as m Cune A from that in Curve C, the resulting 
oine, D, plainly shows an optunum near pH 7 
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After these indicatiozis that the optimum d^jcstion conditions 
were also those of the normal or^gamsm, attempts nw made to 
prepare a digestive c^xtract whose activity might be compared at 
different aaditles Vanous extracts were prepared bj permitting 
ceca to autolyze wdth alcohol or toluol Products of such procedure 
caused only slow digestion, and the results did not show that any 
appreciable separation of the enzyme had been effected As another 
method, many cffcs macerated with sand, spread on glass 
plates, and dned under low pressure at 40 degrees The dned mass 

TABLE m 

Ckan§a tn pU aj Sea IT ater Frodu<xd by Qeca dunng Time Intervals 
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was then ground, but could not be redissolved or uniformly sus- 
pended on account of the fat present Using this material in tern 
poraiy suspension, the neutral reaction mis obviousl} most faixirablc 
for the liquefaction of gelatin 

The Oplmitm pU jor CO» Production 

Havmg shown that the optimum reaction for ciliar} suixiv'al and 
digestion corresponds with the nonnal tissue reaction of about pH 
6 7, it would be expected that this reaction would be most satisfac 
tory for metabolism in general Respiration, measured by CO* 
production, is the indicator used here for metabohe acti\nt> 
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For the expemnents uniform amounts of weighed caeca were placed 
m Pyrex flasks with sea water of known pH m equihbnum with the 
air One senes was aerated, the other sealed with rubber stoppers- 
to retam COj as produced by the caeca Changes m the sea water 
of the aerated senes should be then attnbuted to non-volatile sub- 
stances or to a buffer effect of the tissues themselves, changes in the 
sealed senes would include these and the change from CO 2 Dunng- 
the experiments none of the tissues putnfied, and the times were all 
less than had been pre\aously shown qmte compatible with survival 

TABLE IV 

Changes tn pH oj Sea Water Produced by Cxca dunng Different Time Intervals^ 
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4 


The results of these experiments, recorded m Tables IH and IV,, 
show m both the sealed and aerated senes the previously observed 
progressive aadification of the solutions above pH 6 7 toward this 
reaction In the aerated senes the change is relatively shght after 
the first penod, an effect which probably ongmates prmapaUy m 
neutralization by tissue substance 

In prepanng aadified sea water solutions the excess base, and 
consequently buffer effect, vere changed by addition of strong aad 
Therefore only those experiments are comparable which were earned 
out with the same solution These are recorded m the tables m the- 









Fic. 3 (from Tabfe IV) per gm per hour in sealed iene*, corrected by 

fubtniction of of nersted scries- 


hoUand, 1917) The progress of these changes in the sealed senes is 
Indicated in Figa 2 and 3 where %'ertlcal hdght r^resents change in 
hydrogen ion concentration per gm of caecum substance per hour 
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These are corrected by subtraction of the change in the correspond- 
ing aerated experiment 

The figures show m each experiment a small carbon dioxide pro- 
duction m the first penod, followed by a much greater production m 
the second penod, and usually by dimmishmg changes in subsequent 
penods That respiration durmg the first penod was so small is 
remarkable It is apparent that the cascum fits its medium better 
after some time for adjustment 

The reaction about pH 7, close above that found normal for the 
caeca, seems most favorable to carbon dioxide production It is not 
possible, however, to judge this pomt, for the dimmished excess base 
of the initially more strongly aadified senes causes a correspondmgly 
decreased buffer value 

The experiments show that carbon choxide is the prmapal aad 
servung to bnng the casca to the normal reaction The aerated senes 
also changes shghtly toward the normal reaction, but this change 
occurred almost entirely m the first penod and may be attnbuted to 
the buffer effect of the caecum substance No evidence appears to 
suggest the production of an appreaable amount of non-volatile 
aad 

Conditions of aadity represented by pH less than 6 7 have al- 
ready been shown to be unfavorable to the caeca 'Where the reac- 
tion fell below pH 6 7 a sharp drop was noticed to a rather stable 
reaction about pH 6 3, which attended death and decomposition 
In the aerated senes at pH 5 0 reported m the tables the caeca were 
able to reco\ er the normal reaction of pH 6 8, while m the corre- 
spondmg sealed senes recovery was impossible Evidently here the 
first harmful attack is on respiratory activity, which is unable to 
eliminate carbon dioxide mto aad solutions of such feeble buffer 
capacity without aeration If the removal of carbon dioxide is 
faohtated by aeration, respuation is possible and the tissues can 
overcome the unfavorable conditions by neutrahzing the aad 

For livmg starfish it was shown that the normal reaction m the 
caica was about pH 6 7, for coelomic fluid which surrounds them, 
pH 7 6, and for sea w ater pH 8 3 To change sea water from pH 8 3- 
6 7 would reqmre more than a fifty times mcrease m carbon dioxide 
f/>ncinn rPTpnderson and Cohn. 1916^ On thp. bn<;ic: nf tVnc rr.mr^-iri_ 
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son the starfish evidently has quite a £a\orable pressure gradient 
for carbon dicmde elimination The optimum might then follow 
only in consequence of the necessity of maintaJmng a carbon dioxide 
tension necessary to overcome the resistance to elimination But 
each solution was initially m carbon dmiide equiUbnum with the 
air, and all were altered by the oeca to or well on the wa> toward pH 
6 7 In solutions of different buffer value this required carbon diox 
idc tensions of qmte different magnitude so that the optimum was 
sought irrespective of the carbon dionde tension it entailed The 
optimum £5 therefore concluded to apply to processes of metabolism 
m general, and not to the mechanical chmmation of carbon dioxide 
alone 

The optimum pH found is not, then, one merel> fa^’orable to res- 
piration bj the establishment of a large pressure gradient. It is an 
optimum, furthennore, which applies to metabolism in general It 
IS well known that tissues usuall> ha\e optimal hydrogen ion concen 
trations for their most conspicuous reactions, but it did not necea- 
saniy follow that all of the metabolic processes should comadc m an 
optimum for the tissue as a whole, at which each mdividual process 
is most effective 

CONCtUeiONS 

The coxa mamtam for themselves a hydrogen ion concentration of 
pH 6 7, which is different from their immediate enMronment, the 
ccdomic fluid This m turn differs from sea water The capacity 
for maintaining these differences aj^roiimatelj constant requires 
an efficient regulatory system This docs not infer the eustenoe of 
a special organ or physical system in the organism, but a fact m the 
operation of its metabolism Regulation of hydrogen ion concentra 
tion in Uvmg mammalian blood has proved to be on essential fact in 
the existence of the organism, although we cannot explam its entire 
operation or significance, A regulation similar m effect has been 
generally assumed to exist m all organisms, although it Is seldom dem 
onstiated It is hard to conceu'c vital substances which could be 
effective and sUU incapable of the adjustment and preservation of 
thtir own reaction withm a comparatively restricted range It is 
probable that abibty to regulate and mamtam a constant hj'drogcn 
ion concentration agrees m general with the demee of dexTlonment 
of the organism as a whole 
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SUMMARY 

The normal reaction of the coelormc flmd m PaUna mintata and 
Astenas ochracetis is pH 7 6, and of the oeca, 6 7, compared with sea 
water at 8 3, all without salt error correction A medium at pH 6 7- 
7 0 IS optimum for the caeca for aliary survival and digestion of pro- 
tem, and is mamtamed by carbon dioxide production The optimum 
pH found for carbon dioxide production is a true one for the effect of 
hydrogen ion concentration on the tissue It does not represent an 
elumnation gradient for carbon dioxide 
Because the normal exased caeca mamtam a defimte hydrogen ion 
concentration and change their mtemal environment toward that as 
an optimum durmg life, there exists a regulatory process which is an 
important vital function 
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THE EFFECT OF CERTAIN RESPIRATORY INHIBnORS ON 
THE RESPIRATION OF CHLORELEA. 

By ROBHIT EMERSON 

ij^nm Ok Kaitcr WtUiam Insiiinie for Baiin-Dailcm Grrwtny') 

(Accepted for pubUcation December 2, 1926 ) 

INTRODUCrORY RKMARKS 

This paper presents expenments on the effect of hydrocyanic aad, 
hydrogen sulfide, and carbon monoxide on the respiration of the green 
alga, Chlorella The subject is of interest because all three of these 
substances are known to inhibit respiration specifically and reversibly 
in vanous organisms 

Hyman,* in a paper on the effects of potassium cyanide on Planana^ 
has reviewed the cases where direct measurements of the effects of 
cyanides on respiration have been made Negelcin* has published 
experiments on the effects of hydrogen sulfide, and Warburg* on the 
effects of carbon monoxide. 

It has been shown m this laboratory that these three Inhibitors of 
re^iration do not check the respiration of ChhreUa Warburg* 
has shown this for hydrocyamc acid, Negelein* for hydrogen sulfide, 
I have tried the effect of carbon monoxide 

As will be shown, this exceptional behavior of Chlordia vanishes when 
the alga is made heterotropluc. 

Methods 

The methods used in th^ work were eocatitlly the same as those of Wittborg 
and Negeldn in their work on ChlveUa^ The alga wa* cultivated m described by 
them,* in a water thermortat lighted ccmtinuouily with three 75 watt metal 


* Hyman, E H, Am J Physic, 1919, xlvfll, m 

* Negclein E Biochem Z , 1925, clxv, 203 

> Warburg 0 , Bio^Kttu Z 1926, ckivii, 471 

* Warburg O BtocA^w Z 1919 c, 268 

* Warburg O , and Negdcln, E Z phystk CIkih , 1922, ch, 250 
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filament lamps, about 30 cm distant from the culture flasks A slow stream of 
5 per cent carbon dioxide m air was bubbled through the cultures They were pure 
for the most part, but m control experiments with cells from cultures where no 
precautions were taken to exclude bactena the same results were obtamed as with 
cells from cultures known to be pure The amount of Chlorella cells used so far 
exceeded that of any chance bactena, that the latter did not affect the results 
Respiration was measured manometncaliy, in the dark Measured quanti- 
ties of cell suspension were pipetted into vessels of the type shown in Fig 1 
The \cssels were connected bv gas-tight jomts with their respective manometers 
The gas space above the cells, and the capillanes, as far as the manometnc fluid, 
were filled with a mixture of 5 \olumes per cent carbon dioxide m air before the 



Fig 1 


SNStcm v.as closed The \csscls were shaken m a water thermostat at 20°C 
in order to mamtam a state of cquilibnum between the gas in the space above the 
cell 5 U‘^cn^ion and that dissoh cd m the suspension It was always fast enough 
so that an increase caused no change m the results At mterx als the shaking was 
interrupted for the purpose of reading the manometers 

The principle m\ol\ed here is that ox>gen is less soluble m the cell suspension 
than ca^'hon dioxide Thus, if the cells, m respiration, consume oxygen and give 
oT the «arre ar'OJnt of carbon dioxide, the pressure m the gas chamber will de- 
cease ca-s^g a change m the manometer (r/ \\ arburg^ for a detailed discussion 
c' ih-s r^c ^od) 

^ O B Z , 1924, clu, 51 
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Experiments ttnUt Eydrocyantc Aetd 

The expenments with hydnxyanic add will be described first and 
most completely They are typical of those perfonned with hydrogen 
Bulfide and carbon monondc 

The concentration of hydrocyanic aad was 10~* normal m prac- 
tKally all cipenments This is a convenient concentration for pur- 
poses of comparison, as Negelcin has used it also Its effect on 



0 10 UO 30 40 

Time in min 
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ordinary CkloreUa cells {ix cells grown m an morgamc medium in 
bnght hght), is shown by the two lower curves of Fig 2 Respiration 
is slightly accelerated. The two upper curves of Fig 2 show the effect 
of the same concentration of hydrocyanic aad on the re^iration of 
f^milar cells suspended in a solution containing 1 per cent glucose 
It reduces thar respiration over 50 per cent Since all four curves 
represent the oxygen consumptions of the same amounts of cells, a 
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panson of the top and bottom curves shows that 1 per cent glucose 
about quadruples respiration 

Osterhout^ and Krehan* have shown that hydrocyamc aad has 
definite effects on the permeability of hving cells Hence it might be 
argued that the acid merely checks the penetration of the sugar into 
the cells, and not the oxidation process inside them It may be 
showTi m vanous ways that this is not the case 

Cells may be allow'ed to remain in a medium contaimng sugar for 
some time before the addition of hydrocyanic aad When it is thus 
later added, the resulting inhibiUon is the same as when it is added 
wnth the sugar 

Another method is to grow' CMorclla in a medium contaimng 1 per 
cent glucose For the expenment, the cells are centnfuged off and 
transferred to an inorganic medium The respiration of such cells 
IS checked 40 to 50 per cent by 10-* normal hydrocyamc aad 

The most conclusn e method is to take autotrophic cells, grown m an 
inorganic medium, allow them to stand in 1 per cent glucose solution 
until the sugar has had time to penetrate (about 15 mmutes), and then 
return them to the inorganic medium m order to measure the respira- 
tion and the effect of h>drocyanic aad Respiration is reduced 60 to 
70 per cent 

Organic substances of vanous sorts other than glucose have been 
tned, to see whether they would render Chlordla respiration scnsiUve 
to h>drocjanic aad Those which, hke glucose, call forth a respira- 
tion of three to four times the normal, were used successfully Check- 
ing bj h> droc> amc acid w as the same as m glucose Such substances 
arc fructo-^, galactose, and mannose All act almost exactly ahke 
The effect of the sugar on the respiration is very mdependent of the 
concentration Glucose, for example, accelerates the respiration 
about four times, whether it is present in 4/100 per cent or 4 per cent 
elution The inhibition bj h> droc> amc aad is hkewise independent 
of the sugar concentration 

Other <=ub^tancc3 tned ga\e slight acceleraUon of respiraUon (in 
pc'>eral than double) Man> indifferent substances will cause tL 
acceleration But no real sensituuty to hydrocyamc aad 

‘O, t--.' U J \ B • C.I., 1917, Isjii 77 

. I /r Z f I ’ k -<} 'j- Bta! , 1914, i, 189 
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Expemnents mth Hydrogen Sulfide. 

Similar experiments were earned out with hydrogen sulfide and 
led to the same results as with hydrocyamc aad Free hydrogen 
sulfide was formed m the cell suspension by the addition of an 
appropnate amount of n/10 solution of sodium sulfide The solution 



Fig 4 

always 'contamedgaad phosphate which reacts with Na-S to form free 
H:S (For the calculation of the correct amount of sodium sulfide 
to add m order to achieve a given concentration of hydrogen sulfide 
m the solution, see Negelem’s paper on the effects of hydrogen sulfide ) 
Equihbnum between solution and the gas chamber is estabhshed, a 
large amount of hj drogen sulfide remaimng in the gas chamber 
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Fig 4 shows the effect of hydrogen sulfide on ordinary ChJoreUa 
c e ll s and on cells suspended in 1 per cent glucose solution It is 
essentiallv the same as Fig 1, which shows the corre^nding curves 
for hydrocyanic add 

The hydrogen sulfide effect was tested for reversibility, and it was 
found, like that of hydrocyanic aad, to be completely reversible 
After removal of the hydrogen sulfide, respiration was greater than 
before it had been added 



Experiments vnih Carhen Monoxide 

In the eipenments with carbon monoxide, a mixture of oxygen 
and carbon monoxide replaced the usual 5 per cent carbon dioxide 
m air used in the gas qiace As control the same amount of oxygen 
m nitrogen was used Fig 5 shows the effect of a m ixture of approxi 
mately 2 5 volumes per cent oxygen m carbon monoxide on Chhrella 
suspended m a solution containing 1 per cent glucose No curves are 
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given for the effect of carbon monoxide on ordinary Chlorella cells, 
for it does not affect their respiration 
The inhibition of respiration by carbon monoxide is completely 
reversible Carbon monoxide was removed by passmg the oxygen- 
mtrogen mixture through the gas chamber 



Time m mm 

Fig 6 

Warburg^ has shoi\'n that the inhibition of yeast respiration 
b> carbon monoxide practically vamshes m hght This experiment 
cannot be performed with ordinary Chlorella, as photosynthesis takes 
place m the hght But yellow non-photos>Tithesmng Chlorella, 
practically chlorophyll-free, may be produced m a medium containmg 
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1 per <^nt glucose and of bw iron content Such cells are completely 
hctero trophic, and their respiration 13 inhibited by hydrocyanic aad 
and hydrogen sulfide Respiration 13 practically the same in light as 
in darijiess Fig 6 shorva the effect of successive periods of light and 
darkness on the respiration of such cells in 2 5 per cent oxygen In 
carbon monoxide, and fn 2 9 per cent oxygen In mtrogen 

smaiARY 

ChloreUay when made hetero trophic by means of certain sugars, 
respires like other hetero trophic cells when subjected to the respiratory 
mhibitOTS, hydrocyanic add, hydrogen sulfide, and carbon monoxide. 

Whether the case of Chlorella is typical for green cells m general 
remams to be seen Experiments with vanous other green organisms 
are bcmg earned out, in hope of settling this point 

My thanks are due to Professor Otto Warburg for suggestion and 
cntiasm during this work 
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L 

For development of a theory of the temperature characteristics of 
Vital processes it is necessary to deal with types of material m which 
It may be expected that experimental treatments can evoke one or 
another of a senes of mtemelated cntical increments (Cioner, 1924-25, 
a, b, Crozier and Stier, 1924r-25, a, 1925-26, b) In this paper we 
give an mitial account of temperature relations m a kind of rh)dhmic 
activity which is in certain respects especially favorable for such tests. 
Pulsatile organs, “accessory hearts,” were first observed in the legs 
of juvenile aquatic hermptera {NoUmecta, Ranaira, Conxa, and others) 
by Behn (1S35) These organs, located generally in the tibia just 
distal to the femoral articulation, or in the tarsus, were conceived by 
Behn to be a kmd of “membranous valve” important m maintaining 
the penpheral circulatiorL Their “spontaneous” rhythmic move- 
ments were apparently confirmed, althou^ misinterpreted, bylhifour 
(1835) , they were discussed by Dugfe (18380, and by Vcrloren (18470, 
and a summary of the early observations on the “accessoiy hearts” m 
aquatic and other hemiptera was given by Edwards (1858) It was 
noted(Verioren, 1847) that m Teiitgonta the pulsatile activity imght be 
Interrupted for more or less lengthy periods, but that when active the 
frequency of the cpuck, sharp contractions exceeded that of the heart- 
The “hearts” were rediscovered by Mitchell (1858) Locy (1884) 
also desenbed their movements, m Ranatra, Notonecla, and Bdelos 
Xoma subscribmg to their rdle in coimection with the circulation, 
he noted that the movements would continue for a time m amputated 
legs, and even when the 'heart” was itself cut mto parts. More recent 

»rhigfa 1838,? 441 
* Verlorai, 1847, p 82 
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observations, with figures, are given by Br6dier (1909) The exist- 
ence of these organs is bnefly referred to in entomological texts (Houl- 
bert, 1920, Schroder, 1913), but nothing further appears to be known 
about these curiously inviting instances of perhaps myogemc rhythm 
Among a number of possible sources of pulsatile organs m the bodies of 
msects , eg, Br6cher, 1916, 1917, 1919) they are by far the most 
amenable to experimental mampulation They can be observed m the 
intact ammal, and proper technique provides preparations in which 
the organs are active for days m detached legs Six preparations may 
be gotten from a smgle mdividual, permitting for some purposes un- 
usual control matenal 

In our expenence the locomotor muscles of amputated legs of 
Conxa are likely to exhibit twitchi n g movements, which mterfere 
with the activities of the “accessory hearts,” and m Ramtra the latter 
are difficult to see Common speaes of Notonecta, however, are ob- 
tainable in large numbers, hve very well m the laboratory, the “hearts” 
are easily seen, and the hmb muscles of the detached legs are absolutely 
quiescent The following account is based entirely upon the behavior 
of “accessory hearts” in the tvo swimmmg-legs of adult Notonecta 
undulata It will be shown that although two preparations are obtam- 
able from each mdividual these may nevertheless behave m quanti- 
tatively different ways, so that perfect control observations are not 
possible But no necessity for such controls arose m the present work, 
vhich was designed to obtain pnmanly the temperature character- 
istics for pulsation-frequency dunng the survival of the isolated hmb 

Our purpose was to discover if in different freshly isolated legs, and 
dunng the course of the irreversible death phenomena, there should 
not appear, as in the breathing movements of grasshoppers (Crozier 
and Stier, 1924-25, a), a senes of diffenng cntical thermal mcrements 
for pulsation-frequenc)', vhich might thus reveal certain of the mter- 
related processes in\olved in determming the rate of pulsation 

We were espeaallj anxious to do this because of the possibihty of ob- 
taining information about tjqncal governing processes in insect muscle, 
for companson vith central nervous activities (Crozier, 1924-25 a 
Crozier and redenghi, 1924-25, a, b, Crozier and Stier, 1924- 
25 c, b, Tncs. 1926-27J Although possibly containmg nervous 
elements the “hearts” in isolated legs are obviously beyond central 
nervous influence It turns out that the t>-pical temperature char- 
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actcnstics obtained for frequency of pulsation agree quantitatively 
with those known for respimtory phenomena (Cxozier, 1924-25, b), 
and for breathing movements of insects (Crorler and Stler, 1924-25, o), 
but with the addition of a further member of this *^set” of critical 
Increments They differ sharply from the value (ji * 12,300) which 
13 characteristic for frequency of heart contractions in arthropods 
(Crozicr, 1924-25, a, Crorier and Fedenghi, 1924-25, a, Crosier and 
Stier, 1925-26, ft, Fnes, 1926-27) The associations observed between 
the four chief increments obtamed arc of additional interest for the 
analysis of vital processes from this standpoint 

n 

The beatmg of the leg *Tiearts'^ is easily observed in the mtact 
animal The back-swimming habit of Notonecia makes it possible to 
prepare an individual by moimting it, ventral surface upward, upon a 
small block of hard rubber, to which it is attached by a small amoimt of 
vaselme, in such a way as to be at the surface of a vessel of water, 
with the legs outstretched in the surface film Occasionally, move 
ments of the appendages are seen, but the mtervals between these 
more or less periodic movements are fairly long The rate of pulsa 
tion m any one leg is very uniform, thus in one case, observed at fre- 
quent intervals over 24 hours, at 17®C , the time for ten contractions 
vaned between 9 6 and 1 06 seconds, in another, between 5*2 and 5 6 
seconds during 36 hours, frequently there is some decline in rate after 
12 hours 

The beats are irregular for brief periods, sometimes a contraction is 
skipped There is no evidence of diurnal rhy thm When the two 
swimmmg legs of one individual are compared, there is usually a dis- 
tmet difference between them 
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One leg-‘Tieart” may abruptly cease operations for a time, the other 
contmumg without pause When the animal is stimulated, the beat 
may be hastened or retarded and irregulanties appear 

The uncorrelated nature of the rates of contraction m the two legs 
and their mdependent vanation speak for local rather than central 
nervous control of the activities of the leg-“hearts ” Yet when the 
mtact animal dies the frequency of the pulsations changes and to some 
extent their character also When an animal m which the “heart” of 
one leg has been pulsatmg for some time at a steady frequency of 10 5 
seconds for ten beats is completely covered by a thick layer of vasehne 
the rate remams constant for a tune, but then, after several hours, 
the rate suddenly decreases to about one-half its former value, m both 
legs, and at this pomt the animal as a whole ceases to respond to stimu- 
lation If left attached to the body the leg-“hearts” contmue to beat 
for some 14 hours, but vuth decreasing although regular frequency 
If detached from the body the legs show sustamed pulsation for a much 
longer time If the attached or isolated hmb be swathed m vasehne 
no change m pulsation rate occurs 

These and other observations show that the rate of pulsation is 
locally determmed, but that a secondary control, of nervous character, 
possibly, or dependent upon changes m the hemol3Tnph pressure, is 
also important 

Two general types of result follow amputation of a swimmmg-leg 
The rate of pulsation of the “heart” may remam the same as before 
amputation, the beat becormng at once more regular, and then, after 
about an hour (18°), the beat suddenly becomes much slower In 
other cases the rate immediately after amputation may be about 
doubled, for se\eral minutes, followed by sharp cessation of contrac- 
tion which lasts about an hour, contractions are then resumed at about 
one-quarter of the onginal frequenej’- At the moment of pmching the 
leg with sassors the beats slow down, then become very rapid, then 
settle down to the imtial rate We have plugged the ends of amputated 
legs b> exposing them to the air for 5 mmutes, then by coating with 
xaschne, or the leg max be cut while imbedded m vasehne No effects 
of these procedures v ere detectable 

It 15 important that the nature of the pulsatile movement of the 
leg- heart retains a \er> umiorm character throughout the tempera- 
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tiirc range Contraction is abrupt, relaxation slower, followed by an 
interval of quiescence. The contraction is maximal and alwa)^ 
complete The sheet of muscle fibers constituting the ‘Tieart" (cf 
BrAcher, 1909) is cap-shaped at the proximal end, from which a (Pmus- 
de) band passes to the femorotibial joint, distally, the ‘*cap" spreads 
out into a fiat contractile band. As a rule, contraction first appears 
at the apex of the "cap,” and travels as a wave to the distal band 
Occasionally the contraction wave is reversed. As death approaches 
the relaxation phase is prolonged, and the quiescent mtcrval almost 
disappears, this also happens if the leg is sealed in a tube of water pre 
vioufily boiled 

m. 

For observation, tbe isolated legs of Notofuda were attached by 
vasehne to a glass shde placed m a small glass vessel of water This 
vessel, having a fiat bottom, was sunk in a chamber filled with water 
The chamber was water tight, and addition of hot or cold water for 
regulation of temperature was by way of a coil of copper tube, with 
many small apertures, connected with an external supply This 
chamber was immersed m a large stirred thermostat. Through the 
cover of the vessel containmg the preparations the objective of the 
observing microscope passed, and also a thermometer reading td 0 01® 
The objective was used as a water immersion lens, thus avoiding 
troublesome foggmg, all the metal surfaces bemg coated with paraffin 
to obviate ohgodynanuc effects The regulation of the temperature 
of the innermost vessel was secured by mamtainmg very slight differ- 
ences between tbe temperature of the large thermostat and of the 
chamber immediately surroundmg the observing vessel Two, three, 
or four legs could he mounted together, and by adjustment of the 
microscope they could be viewed in succession or as desired. Light 
was reflected up through the thermostat and through a window m the 
inner box 

The muscles of an isolated leg, mcludmg the contractile fibers of its 
‘Tieart,” must of course be regarded as a system proceedmg toward 
death, ureveisibly Therefore, if the relationship is to be obtamed 
which exists between temperature and frequency of pulsation it is 
necessary to work rapidly in order to secure observations at a number 
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of temperatures before the underlymg mechamsm shall have changed 
matenaUy With these preparations it is possible to do so, largely 
because the latitude of vanation m frequency of pulsations at constant 
temperature is so very shght 

After removal from the animal about 1 hour (at room temperature) 
IS often necessary before the isolated “accessory heart” settles down to a 
steady rate of contraction Not infrequently, however, this steady 
rate, lower than before amputation of the leg, is attamed almost at 
once A few successive readmgs of time for ten pulsations enable one 
to judge if the preparation is in a state suitable for experimentation 
In order to discover the degree of constancy to be expected under 
uniform temperature, graphical records were obtamed with the aid 
of a signal key and a chronoscope registering 1 0 second intervals 
upon a smoked drum In this way a suffiaently prease record was 
obtamed of continuous series of pulsations over penods of about f 
hour The high degree of constancj’’ m “time for ten pulsations” m 
any one preparation is shown in the followmg table 


1 

Tcmpcnxturt) 

Preparation 

Mean tune for ton contract ions 

•c 


rrc 

16 4® 

A, 

19 0 ±0 4 

16 4® 

B, 

21 6 ±0 2 

16 4° 

E, 

19 2 ±0 3 

16 1® 

I 

17 9S±0 95 

16 2® 

K 

15 7 ±0 4 


In this table the ± lumts give the maximim latitudes of vanation, 
vhich average 4 9 per cent of the means The same type of vanation 
IS evndcnt in observations made at intervals, vith a stop-watch, over 
penods of some hours The maximum latitude of vanation for any 
one heart is not ov er 10 per cent and is as a rule less than 5 per cent 
of the mean at a giv en temperature This vanation of course includes 
errors of observation The same tj^pe of fluctuation is apparent 
throughout the temperature graphs In good preparations constancy in 
palsation rate is maintained for many hours, at uniform temperature 
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IV 

When the temperature is vaned it is quite necessary to study each 
preparation Individually Averaging observations from different 
^'accessory hearts” is not permissible Even the two swimming legs 
from the same Individul may differ significantly (Figs 7, 8), although 
they not mfrequently give parallel results (Figs, 1 to 5) 



Fio 1 In this and racceedins figures the temperature characteristic! for fre- 
quenej of puliatkm in the accessory leg ‘hearts'* of Noiontcia are obtained graphP 
<^y by plotting logfreqtuncy ( - log [100/seconds for 10 bcati}) against reciprocal 
cf ahsoJuie Unperalurt 

Pieparationi Not. 29 (circles) and 30 (crosses), (the latter having the rates 
multiplied by 2 0 for comparisofu) give — 8,800 It may be noted that the lad 
tude of variation with the large scale-units employed, corresponds to an extreme 
difference, at the left end of the graph of only 1 4 second! in a mean of 23 4 seconds 
for ten puliatlons. 

In way we have examined a large number of preparations, of 
which about 30 were studied in detail The total number of observa 
tions was above 3,000 Smcc we desired espeaally to know the kinds of 
critical increments which might appear during the onset of death, it 
was necessary to avoid so far as possible the production of irrcver 
Bible effects by eiposnxes to very low or to very high temperatures 
It was also necessary to work rapidly m order to make sure of time m 




OY 





Fig 2 Legs Nos 27 (open circles) and 28, from the same mdmdual, give m - 
11,400 
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which to travel in reveise order the excursions up or down the tern 
perature range before intrinsic change of temperature characteristic 
should supervene The absence of great natural variation in rhythm^ 
coupled with the non interference of spontaneous activities of the leg 
musculature, greatly facilitated such observations The agreements 
in values of ob tamed show that confusion from these sources was 
successfully avoided 

The lower critical temperature for continued pulsabon was 5°, 
in the isolated legs 20“ was found a very definite upper Innit for regu 



Fio 4 Three prepantlons. Nos, 50 51, and 52 give - 19,800 (The rates 
for No 51 have been nmltlpli^ by 1 102 and those for No 52 by 1 026 ) These 
were from dIffeTcnt individoals 


lar rhythm In a number of preparations pulsations ceased at 9,5® ± 
1 0® The intermediate temperatures at which ‘Tneaks” appeared, 
indicating change of increment or of frequency, vaned from 10 8® to 
17 2®, the reason for this variation, as subsequently discussed, is 
found m the progressive exhaustion of the pulsating system, with in 
ductlon of physicochemical changes mdepcndently of the thermal ones, 

v 

The results of these observations are sufficiently illustrated by the 
examples given in Figs, 1 to 11 Indudmg those instances m which 
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“breaks” occurred, as exemplified in Figs 6, 8, and 11, the foUowmg 
IS a summary of the cntical increments found to descnbe the change 
m frequency of contraction as determmed by temperature 

Extreme range 

8,190 7,900 to 9,150 

11,350 11,290 to 11,500 

16,200 15,100 to 17,000 

19,800 19,600 to 20,000 

24,530 23,000 to 25,000 

32^200 30,000 to 34,000 

The most prease determmations of n are of course only obtainable 
from “runs” over a good range of temperatures, smee in some cases 
such ranges were impossible to obtam m the present experiments, a 
certam variation in each value of n as ascertamed is to be expected 
Certam details regardmg the observations are discussed in the legends 
of the several figures 

The other magnitudes of n, save 32,200, have already been recog- 
nized as occumng repeatedly in connection with a vanety of biological 
processes (Crozier, 1924-25, b, 1925-26, b) Their reappearance here 
adds to the conviction that they correspond to chemical reahties m 
Imng matter, perhaps to the heats of activation of commonly occurrmg 
catal>sts (Crozier, 1924-25, a) 

It will be noticed at once that the most frequently occurrmg magm- 
tudes arc, approximately, 8,000, 16,000, and 32,000 calones Bhss 
(1925-26) has desenbed a case m which temperature charactenstics 
of these general magnitudes apply respectively to different parts of 
the total temperature range as affecting the time reqmred for a par- 
ticular developmental phase in Drosophila This kind of progression 
tempts speculation The additive nature of heats of activation is 
recalled But v c behev e that for the present the fact may most safely 
be recorded dev oid of spcculativ e fringes This is espeaally so because 
if the indivndual records are examined it is found that with any one 
prep’’ ration there is no ordcrlv association or succession of values 
such as S,000, 16,000, o2,000 in different parts of the temperature 
range, or at different times The increment 16,000, for example. 


Jfcan 


Number of instances 
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may be associated with 32,000, or with 8,000, or 8,000 witb 32,000 
This speaks for a certam random association of the processes monl 
fested by the appearance of the reflective increments, with this re 
stnctlon, however, the lower of two increments always pertains to 
the higher temperature range 



Fio S Leg- “heart*’ Nos 31 and 32 from the same Individual, give ^ — 16,100 
The rate changed markedly after 24 houn, without noticeable change of m, and by 
about the tame amount In each leg 


In an isolated and irreversibly detenorating system sudi as is pre- 
sented by the isolated leg “heart” it is to be assumed that changes m p, 
should also be evident as a function of tune 
By “a change which Is a function of time” we mean to imply that 
the processes of exhaustion and death should influence the occurrence 
of “breaks” m the relation between pulsation frequency and tempera 
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ture The simplest illustration of such an effect is given by cases 
such as that shown in Figs 5 and 8 It is obvious that the differential 
effects of exhaustion upon each of several processes such as might 
possibly control the frequency of pulsation may result m these ele- 
ments of the nexus govemmg pulsation bemg successively revealed 
as determmmg the relationship to temperature In numerous cases 



Fig 6 Two preparations from different individuals, show transiUons from 
^ *= 9,050 to /I = 30,700 at loucr temperatures 

where this sort of result is evident, reversibly, on passmg from one 
zone of temperatures to another (Crozier, 1924-25, 5, 1925-26, 5) 
It has been assumed that it may be due to the fact that a catenary 
chain of reactions underlies the determination of frequency of pulsa- 
Uon (Crozicr, 1924-25, d), the fact that the temperatures at which 
these shifts occur are not distnbutcd at random fCrozier, 1925-26, a) 
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makes it necessary to suppose that physical changes, essentially of a 
grossly discontinuous character, are also implicated In dealing with 
the Notontcla leg ‘^hearts" it was expected that the degradation of the 
excised system would have similar effects, and that in consequence 
the occurrence of an intermediate cntical temperature should be 





Fig. 7 Two leg Ticartfl * (Noa 39 and 40) from one Individoal give reapec 
trvely m - 7 900 and p - 24 900 (The for one (No 39) have been divided 
by a factor, 1 4 to permit nnconfnsed plotting ) 

blurred This is the fact, but there is ample evidence, nevertheless, 
that in the neighborhood of 15° (10 8 to 17^°) abrupt cha n ges most 
frequently occur m the relationship between rate and tempierature 
A further sort of comphcation in these curves is due to what we have 
chaiactexuied in other instances (Crozier and Sder, 1925-26, o) as a 
change of frequency or veloaty without change of mcrement, or, vdiat 
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IS probably connected therewith in an intimate way (Crozier and Stier, 
1925-26, b), a change in the latitude of vanation at constant tempera- 
ture without change of mcrement This type of effect occurs in 
certam Notonccia preparations (Figs 9, 10, 11) and might easily 
confuse interpretation To what extent these shifts may be due to 
change of pace-makmg location in the pulsatmg organ we cannot 
deade, in most instances, we feel, this explanation would not be 
correct 



Fig S Tvto preparations from one indiwdual gi%e, m one case /i «= 8,200, m 
the other n “ S,200 abo\c 12°, 16,100 below 12°, on reversmg the course of the 
temperature changes (dashed Ime), next da> , the increment 16,100 is now found 
to hold in this case abo\e 12° This t>'pc of change is one of those presumed to 
depend upon the irTC% crslble progress of exhaustion in the isolated legs 


The results of these expenments ha\ e been considered in terms of 
rcgulantics in the nature of the influence of temperature on the fre- 
qucnc> of pulsation in the leg-“hearts” and in a vnde vanety of other 
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objects The magnitudes of the Arrhenius constant are not distnb- 
uted at random For this the explanation has been proposed that 
constants E ot n serve to charactcme catalj^c reactions governing 
the frequency of pulsation It is possible to suggest a number of 
reasons why this sort of regularity “ou^t” not to be found One 
method of deahng with the direct observations is to invent empirical 
formulae for their expression One such has recently been proposed by 
Belehr4dek (1926, o, 6) in the form y — a/ x*-, where x — temperature 



Fio 9 A ‘'break in the curve of temperature relationi waa found in four cases, 
one of which fa here shown which fa similar to that earlier described by Croner 
and Stler (t924-25,i) m connection with the breathing rhythm of Anurans. The 
course of the observations was exactly reversed on raising the temperature. CThc 
slope of the fitted Imes 0* — 16 100) fa the average of thoec fitting the upper and 
the lower segments,) 

{Centigrade and y - time necessary for a given phenomenon, and a 
and h are constants This is obviously the well known empirical 
formula of Esson (Harcourt and Esson, 1895, Harcourt, 1912) for 
chemical reactions, with the substitution of the Centigrade tempera 
ture for T® ahs , it is difficult to conceive cogent reason, theoretically, 
for the proposed change, which simply requires m aking one of the 
constants larger without at all improving the fit In addition to the 
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fact that this particular formula is of a type which can be made to 
descnbe almost any sort of curve not possessmg too abrupt discon- 
tmuities, and that at best it has simply the status of an mterpolation 
formula, there is the insuperable objection that it does not fit the facts 
To illustrate this we may choose examples m which a large number of 
observations are available (Fig 12) The statement (Belehridek, 
1926, a) that a single simple curve can descnbe instances of the sort 



Fig 10 In this case the temperature was first raised to a pomt a little above 
20°, there was thus induced a permanent increase m pulsation rate, without ap- 
parent change of mcremcnt Precisely this effect was obtained m other instances 
The temperature was changed at mtervals of about IS mmutes, between readings, 
and m the region of changmg rate the pomts consequently fall on a curve It is to 
be understood that the whole extent of vertical shift would have occurred at 
constant temperature 

shown in Fig 6 is ob\ iousl> futile {cf Brown, 1926-27) The attempt 
to employ his formula has moreover led Bclehrfidek (1926, b) into the 
assertion that his constant b reflects the primary importance of vis- 
cosit> in connection with the veloaties of vital processes, and that it 
changes s> stematicallj wnth the age of the organism The notion 
that the temperature coefnaent of a given activity decreases or in- 
creases regularh with the age of the organism is simply untrue, as our 
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own cipcnence with a considerable number of cases enables ua to 
state quite definitely We make no apology for choo&mg to rely upon 
the one type of equation which actually describes the data and which 
seems to stand a good chance of ph 5 rsical interpretation, and until 
some other comprehensive explanation is provided for the regularities 
which its use discloses we are not impressed by objections grounded, 
largely, on the argument that protoplasm is “too complex*”* The 
effiaent answer to such very general objections is, that the complexity, 
or rather harness, frequently resides in the mind of the observer, and 
can be dissipated by mcrcased refinement of experimental procedures, 

A more interestmg sort of obstacle has recently been discussed by 
Murray (1925-26) In his experiments the temperature character^ 
istics deduced for frequency of pulsation m cultured explants of chick 
myocardium failed to show uniformity, and, in the number of prepara 
dons studied, failed to be grouped about modal values. We are not 
familiar with the performance of such cultures, but it can be suggested 

* It is perhsps of interest, since the present matensl enables several point* of 
some moment to be illustrated, to comment upon an objection sometimes voiced 
to the practice of fitting two or even three lines to aegmoots of sudi data ns are 
plotted, for example, in Fig 6 It may be wud that the Implied traniitions arc too 
sharp If one were really dealing with the cfiect of temperature upon a catenary 
series of reactions there should be a region of curvature connectfng the two sensibly 
rectilinear zones. The answer is that in suitable instance* just this Indication of 
curvature is actually found. Most series of measurements exhibit a latitude of 
vanatlon which inaVes It difficult to deadc the precise nature of the union between 
the two straight Imes A number of series m the present experiments (e g Fig 6) 
do however show this sort of rounding off*’ when the latitude of variatiem fa quite 
fimslL Objections to considenng the whole sweep of such senes as a sing^ curve 
have been mentioned in a preceding paper (Crozicr and Stier 1926-27, o) Sharp 
transitions of the sort implied In these broken graphs arc of counc weE known m 
physics, we may refer to transition points and to curve* of magnetic suscepb 
bflity Moreover, a* illustrated in a recent paper from this labomtory (Brown 
1926-27) the data so fitted cannot be described by a smglc smooth curve 
when plotted directly as kJociJus against tanpaxUure Again, as has been Insisted 
previously (Crozicr 1925-26 o) there fa indication of *physical alterations occur 
Ting at just those temperatures most frequently found to be tnmsitioo points 
on the thermal scale. The reason for the occurrence of just these critical tern 
peratures must be soufl^it in the properties of protoplasm as a physicochemical 
system. 
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that in such a preparation, essentially an unorganized mass structurally 
though exhibitmg regulanty as to pulsation, there must exist a number 
of possible pace makers It is to be expected that the net result of 
their fluctuatmg dominance might obscure the preponderatmg in- 



340 345 


ahs 10^ 

Fig 11 Occasional!} , instances v ere found m v hich an abrupt change of m- 
cre wnt ^^'as associated \ nth an abrupt increase of rate 

flucnce of an> one, since it is fau- to assume that their several inner 
metabolic states might be diilerentlj adjusted As ve have pomted 
out in detail m a following paper, this interpretation permits certam 
deductions v hich the figures in Murraj’s paper seem to us to justify 





Fio 12 Data from cme experiment 0n Fries, 1926-27) on the freqacncy of 
cardiac contractions In Btaiia arc fitted by the Arrhcniui fonirala with p - 12 600 
between 10®C, and 3S*C, In the original presentation (Fries 1926-27 Fig 2) 
these data appear plotted as loi frequency w 1/T® air , where the nature of the 
'Tjieak ’ at 10 is more clearly apparent below 10(“, p IB 100 The dashed lines 
are transposed from the lines defining the extreme latitude of variation in the log 
plot (Fries, 1926-27, Fig 2) The superiority of the logarithmic representation 
(w l/T® abs ) consists not only fn the dearer appearance of conditions on either 
side of a critical temperature (< g 10 in this case) but also in the fact that the 
departures from the line of best fit are confined within a band the upper and lower 
edges of which are parallel to the central line {cf Croiler and Fedexighl 1925) 
The latter fact means that it Is necessary to deal, in fitting the Arrhenius equation 
to such data, not with the absolute departurea of the observed average rates or 
frequencies, but with the relative or proportionate divergences, this b of great 
importance if It be suggested that curves such as that in the present figure should 
be fitted by the method of least squares (cf, also Croaier and Fcderighi 1924-25 b 
1925) 

To curves obtained by the method just described there has been added (o, b, 
— — — — ) the result of an attempt to fit the observations by means of the 
formula proposed by BdehiidcL (1926 a) This formula iime ^/(/*C.)® 
(orfo/e ■■ (O^ M») tested by appropriate plotting of the observations as hi rah 
w hi (<®C ) In such a plot the best fitting straight Ime was adjusted, and has 
then b«n transferred to the present figure. It is obvious that the fit Is anything 
but significant nor can the adjustment of the ends of the curve be made such as 
to Improve the fit from the nature of Bikhridek s formula, correction of the lower 
end of the curve for example, merely mcrooses the deviabon at the upper end. 
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Extensive data upon the myogenic heart of Ltmulus larvse (Crozier 
and Stier, 1926-27, h) have convmced us that the relation of pulsation 
frequency to temperature is of a perfectly regular sort, with defimte 
and recurrent values of y. 

vn 

This paper is by intention an mtroductory account of matenal 
which it IS designed to employ for certam types of experiment But 
we may pomt to several conclusions which the preliminary examma- 
tions seem to justify The rhythmic neuromuscular activities of 
arthropods, so far as tested, fall mto two general categories as regards 
the cntical thermal increments which they reveal In one class are 
found movements of heart and of locomotor appendages and the 
rhythms of stndulation and of lummous display (Crozier, 1924-25, a, 
Crozier and Fedenghi, 1924r-25, a, b , Crozier and Stier, 1925-26, a, Fnes, 
1926-27, and some other mstances as yet unpubhshed) These we 
have reason to regard as controlled by nerve centers, and they show a 
high degree of consistency m providmg y = 12,200 to 12,500 Occa- 
sionally this value is associated with a higher one over the lower por- 
tion of the temperature range, y = 18,200 or 23,500 On the other 
hand, movements of respiration (Crozier and Stier, 1924r-25, a, and 
other data unpubhshed), presumably also detemuned by nerve center 
activity, but demonstrably of a different kind, consistently yield other 
increments, — those, namely, assoaated with cell respiration itself 
(Crozier, 1924-25, b) 

The isolated leg of Notonccta with its “heart” is remote from central 
ner\ ous control of the tj-pe pretty certamly mvolved in the movements 
of the dorsal vessel (cf Alexandrowicz, 1926) We are not yet able 
to saj just vhat the thermal relations are m the intact animal, but 
in the isolated leg-“heart” the increment 12,300 ± does not appear 
among the several \ alues encountered On the other hand, the values 
actuall\ found (Table Ij arc those charactenstic of oxygen utilization, 
heat production, and CO; production We do not conclude from this, 
of course, that the leg-“hearts” are therefore concerned with respira- 
tion, but merel> that the metabohe activities underlying and con- 
trolling the rates of pulsation are certainly different from that deter- 
mining the increment 12,300 
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It IS notable that in material of this sort we should rather expect 
serious disturbance of rectilinear relationships between log raU and 
1/r, such that plainly curvilinear graphs would be gotten, or pro- 
gressive shifts of /X But the fact is that here, as m the case of grass- 
hopper respiratory motions (Croaier and Stier, 1924r-25, a) and in 
that of the heart of Lxmax (Croner and Stier, 1925-26, 6), when 
change of n occurs it takes place abruptly and by a definite amount, 
This speaks strongly for the mdividualized character of the several 
processes which may control the rate of pulsation 

The presence of mcrements often associated with respiratory phe- 
nomena led us to attempt to alter the mcrement by controUmg the 
oxygen supply We were imable to obtam consistent differences by 
companng hearts m legs immersed m water through which Oi con 
stantly bubbled, legs swathed in vasehne, or legs sealed in tubes with a 
small volume of water The differences found are for the greater part 
attnbutable rather to the metaboUc condition of the whole insect 
This we expected to find influenced by laboratory confinement It is 
of mterest, therefore, to note that the mcrements 32,000 dz were chiefly, 
althou^ by no means exclusively, obtained from individuals not 
more than 2 weeks after collection. The Increments 19,800 and 
23,800 appeared only in the cases of legs from Notonecia kept for some 
2 months or more m the laboratory 

vnL 

STJiniARY 

The frequenaes of pulsation of the “accessory hearts” in the isolated 
swimming legs of Notonecia were studied m relation to temperature, 
with the idea that m such organs central nervous control Is Impossible, 
and that in an isolated system irreversibly proceedmg toward death 
it imght be expected that further evidence would be found regardmg 
the supposed specific significance of cntical thermal mcrements, A 
number of values of m sjn found commonly 8,200, 16,200, or 32,200, 
less frequently 11 400, 19,800, and 24,500 These values are defi 
mtely contrasted with that (12,300) typical for heart beat frequencies 
in arthropods. They exhibit interrelationships of the sorts already 
found m other cases. There occur also sharp irreversible changes In 
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frequency of pulsation, which may or may not be accompanied by 
change of mcrement The net result is held to be confirmatory of the 
interpretation of thermal relations proposed in earher papers 
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L 

The heart of Ltmulus is classic as example of neurogenic cardiac 
rhythm (Carlson, 1905-06, 1909) The frequency of its pulsations 
may be controlled by influences affecting the heart gan^on alone 
When the temperature of the ganghon alone is varied (Garr^, 1920- 
21, a, b, c, 1921-22) the frequency of contractions adheres to the 
Arrhenius formula, /i m the equation 


Frequency » Ke ^ + C 

being “ 12,200 (Croaer, 1924-25, a), m some preparations there 
occurs a "break^' at 15°, with p. at lower temperatures *=« approxi 
mately 23,500 

In the embr}^ of Limidus there is an early developmental penod 
m which the heart is visible, contracting rhythmically, while the 
cardiac nervous system is still unformed, during this interval the 
heart rhythm is “myogenic” (Carlson and Meek, 1908) We have 
detemuned the relationship between temperature and frequency of 
heart beat dimng this penod of “myogenic” rhythm, m order to 
compare the temperature effect with that m the heart ganglion of the 
adult There seem to be clearly defined differences. 

There is no reason to suppose that a difference in yi obtamed in this 
way necessarily corresponds to or is diagnostic of myogenic as con- 
trasted with mtrmsically neurogeme processes. In so far as values 
of ^ appear to be specific, and thus to corre^nd to physical reaUties 
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which may be utihzed for purposes of classification and analysis,^ 
it must be held that particular magmtudes of ju may reappear in all 
sorts of situations and do not pertam individually to particular types 
of function But at the same time it is apparent that the occur- 
rence of different systems of temperature charactenstics for the two 
cases, embryomc heart and adult, is fully consistent with the idea 
that the respective essential controUmg processes are unlike 

Such a result is of course not unexpected The metabolic state of 
embryomc cells must differ matenally from that of relatively greater 
dynamic stabihty enjoyed by the protoplasm of fuUy differentiated 
tissues From this standpoint the apparently “irregular" variation 
of jti for rhythmic contraction in cultures of explanted chick myo- 
cardium (Murray, 1925-26) might be understood without reference 
to obscure regulation by the orgamsm as a whole m order to account 
for greater unifonmty m results when organs of mtact animals are 
observed, even without appeal to structural conditions When 
whole orgamsms are used it is possible to obtain modifications of 
temperature charactenstics (n), and these modifications appear to 
be specific (Crozier and Stier, 1924-25, a, 1925-26, b) It is entirely 
possible that the regulanty of n for comparable activities is partly 
detemuned by structural conditions m normal organs, such as permit 
of active control by defimte "pace makers ” Certam effects which 
seem to necessitate this view are discussed in a later section It is 
perhaps of interest for this mterpretation that the frequency of pulsa- 
tion m the hearts of intact embryos may show considerable differences 
in among similar individuals (c/ Crozier and Hubbs, 1924, and 
other cases), or m relation to age and other vanables The present 
observations show differences between mdividuals comparable to 
those experimentally induced in the breathmg rhythm of the grass- 
hopper (Crozier and Stier, 1924-25, a) 

' Crozier, 1924-25, a, h, 1925-26, b Crozier and Stier, 1924-25, a, 1925-26, 
a, b Fnes, 1926-27 It may be noted that change of n comadent with the m- 
stitution of neurogemc control would not necessanly prove diagnostic either, for 
we should require study of comparable developmental stages m the absence of 
nerv ous elements 



W J CKOaEX AND T J D STEER 


503 


n 

The heart of Ltmulus embryos within the egg envelopes becomes 
visible as a pulsating organ at the stage labelled B m accounts of 
the diffcrcnbation of the embryo (Kingsley, 1893, Kjshinouye,1893) 
Fora penod of about 6 days, or until Stage K (before the appearance 
of the telson), at laboratory temperature (Carlson and Meek, 1908), 
the activity of the heart continues to be viable, in the absence of 
nervous control 

The heart Is not at any time partlcnlariy easy to see Tbh difficulty, together 
mth expected variation in the effect of temperature, led us to practice special 
precautions in obtaining a large number of observations The frequency of the 
heart beat is made visible by horixonUl light of fair Intensity, under vrhich the 
cardiac lube appears as a delicate white ^ost against the yeUomsh background 
of the substance of the embryo. In order to maintain the animal In a position 
suitable for observation, the egg membrane was punctured and a segment of it 
folded outward This segment was fastened by white vaseline to a ttntll glass 
block- The collapsed membrane holdi the embryo in a rdatively fixed position 
Such preparations Uve in an apparently normal way for many d^ and continue 
to develop 

A number of glass blocks, carrying labelled embryos, ore placed in a tHn walled 
oystalUxing dish with tea water Into this projects a microscope with paraffined 
objective used as an immersion lens Dish and microtcopc ore securdy fastened 
to an Iron frame supported m the rim of a large water thermostat The vtisd 
containing the cmbT>*os is submerged so that its water level is below that of the 
water in the thennoetat The temperature is read on a thermometer with en- 
dosed stem calibrated, and graduated to 0 05* 

In all such experiments difficulty is met in mabtaining temperatures bdow that 
of the room. The latitude of fluctuation in frequency of contractions at constant 
temperature, necessitates a number of obscrvatkms at uniform tempcraturei on 
each embryo "Vet it is required to change the temperature by a known small 
amount at intervals of about an hour 

To do this we constructed a thermostat from which heat could be abstracted 
by a SOi compression circuit The coil and brine tank of a refrigentiag unit 
were replaced by a considerable length of half Inch Cu tubing coiled so as to fonn 
a helical shell within the wall of a 10 gallon glass tank. Ihe motor operating 
the coeupressor was started throu^ a relay actuated by a large mercury thermo- 
regulator * Sticking* and sparking were obviated by usmg a Nbsted needle to 
make contact with the fluctuating Hg surface and by having the relay of high 


* For aid in this construction re are greatly indebted to Mr H. V Rivinius, 
refrigeration engineer of the Metropolitan Ice Co 
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resistance (5000 ohms) ® With adequate stirrmg, and felt insulation, this device 
enabled us to mamtam for as long as desired any required temperature between 
0® and that of the room When an electnc heater, constant or relay-controlled, 
IS added to this arrangement, temperatures above that of the room are similarly 
obtainable, and the shght lag in temperature adjustment is still further reduced 
The constancy of temperature withm the body of the thermostat is then dbO 001® 
In the vessel carrymg the objects to be studied the constancy is well within 0 01®, 
and this is improved by a cover 

The temperature is changed quickly by addmg hot or cold water from a reser- 
voir, excess m the thermostat bemg removed by a constant level device The 
thermoregulator is readjusted by sudang Hg out of the regulator bulb, or by 
forcmg more Hg mto it from an accessory bulb Fmer adjustment is made by 
the screw-mounted contact needle This operation required but a minute or so 
The thermostat is moimted upon a box, and a wmdow is left m the insulation of 
the bottom Through this window a beam of hght is projected vertically upward, 
and may assist observation through the microscope or be employed m other ways 
The microscope, of ordinary type or a bmocular with ‘Tlanktonsucher’^ ob- 
jecUves, is so mounted as to be movable over the observation chamber, but ;n 
the present experiments it was foxmd that the glass blocks beanng embryos could 
easily be manipulated with a needle and m turn brought mto position for the 
readings These movements were found to be without influence upon the fre- 
quency of the heart beat, but some mmutes were allowed to elapse before readmgs 
were taken Lateral illummation was supplied by a small submerged electnc 
lamp It was easily shown that the hght was without effect upon the frequency of 
contractions, but the general illumination was kept reduced as an aid to seemg 
the heart, thermometers, and thermoregulator bemg viewed by means of small 
accessory lamps 

HI 

When the frequency of the heart beat or of breathing movements 
IS to be timed wuth preasion m an intact animal it is necessary to 
avoid carefuUy the effects of concurrent movements of the body or 
appendages ^ In some mstances it seems as if the execution of such 
movements is the cause of accelerations or retardations m the rhythm 
under observation, m others, it appears more probable that both 
disturbances have a common and sunultaneous ongm m the central 
neix^ous system If it is desired to study mtnnsic fluctuations of 
frequenaes and to obtam temperature characteristics as preasely 

’ Regulation nia> also be conveniently made by means of a system such as that 
desenbedb} Bca%erandBea\er(1923) 

^ Cf Crozier and Stier, 1924-25, a 
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as possible, such deviations must be taken account of In the LtTrtu 
Ihs embryo as in other embryos, there are evident from tunc to 
tune ‘^spontaneous” movements of body and legs But it happens 
that in Lxmulus these movements, like the pbotokinetic movements 
of the legs which appear when the h^t intensity is suddenly changed, 
seem to have no influence whatever upon the sequence of the heart 
beats. 

The frequency and the amphtude of the cardiac movements never- 
theless go through a rather definite cycle, at constant temperature. 
This was ascertamed by repeated observations on single individuals, 
smcc the data add nothing new to the theory of the case, they arc not 
given here. The latitude of vanation is shitty greater than 10 per 
cent of the mean frequency, and, as in some samflar cases eariier 
described, is constant over the workable temperature range but vanes 
from one mdxvidual to another The latitude of variation seems 
quite unrelated, m general, to the relative rate of the process con- 
sidered, and since it vanes within pretty narrow limits for a variety 
of activities (5 to 10 per cent of the mean), it must be regarded as 
chiefly dete rmin ed throu^ some propcrt> of protoplasmic organira- 
tion rather than by the specific process whose temperature character- 
istic is bemg measured In a small number of known cases (Crozier 
and Stier, 1926-27, c) the latitude changes when ti differs on either 
side of a critical temperature, and m such cases a specific association 
must be assumed 

The slow developmental pace of the Ltmuluz larva, together with 
the great resistance to asphyxiation {cf Kingsley, 1893, Newman, 
1906, Redfield and Hurd, 1925) contribute to its smtabflity for our 
purpose The majority of the individuals used were kept at 20^, 
when not subjected to temperature changes experimentally No 
differences were seen in other embryos mamtamed at 4.5* for several 
weeks. It was possible m this way to have embryos of various stages 
of development available at one time. Reversing the course of the 
temperature changes gave observations in good agreement Within 
certain limits dupheate “runs” on successive days also agreed well, 
but as a rule the frequency of heart beat changed after 1 or more 
days, although — so for as ascertained — without change of temperature 
charactenstic. The total number of observations was 3400 
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Tvro gave ft « 20,000 rfc 100, and two ft 25,500 ± 300 When data 
from any one animal are considered over a range of temperatures the 
lower value of fi pertains to the higher temperature interval (20**- 
30* + ), but one embryo gave n « 11,000 over the range 10°-20*, 
and p, •» 16,400 occurs both in the range 10*”20* and in 20*-30* (with 
different embryos) 

Above 30°-34* the rate of incrcasmg frefl[uency of heart beat 
with elevation of temperatnie is very slight, most embryos of this 





Fio 2 Data from two Ltmulus embryoa for which ^ » 16,300 (20*± to 30*3b), 
the rata for No 9 have been nrultlpUed by 1^9 The latitude of variation as 
«en also in Fig 1, varia with the mdividuoL Above 30®± the frequency 
ebanga very little with Increasing temperature the curve, within the region 
■hewn (No 8) ii perfectly reversible. This phenomenon has «Ir«ul> been rc 
ferred to as apparent in other casa (cj Croiier 1925-26, o) 

age show slight but easily detected decreases in frequency of heart 
contraction, which are only very slowly reversible on return to tern 
peratures below 30* Other individuals do not exhibit this hyatereiis, 
but above 30*di: the thermal increment is vciy small (jt -* 5, (WO ±) 
between 30® and 40.5* This effect resembles that already noted in 
some other instances (Croaer, 1925-26, 5), and is suggestive of the 
control of heart beat frequency by some purely physical condition, 
such as fluidity of substance or the saturation of some reactive sur 
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face which gives a mechanical limit to the maximum frequency of 
pulsation In one case which is illustrated (Animal 2, Fig 5) no 
hysteresis was apparent on return to lower temperatures 
The temperatures for cessation of regular cardiac rhythm were 9° 
and 45°, above 40 5° the frequency of contraction decreases, at 44 4° 
the heart beat was sbU regular, but at 45 4° only an occasional beat 
was apparent For the adult Ltmulm (Carlson, 1906) the thermal 
limits for contraction of the heart muscle are given as 0°± and 32°, 



a0034 0 00345 0 00350 


Fig 3 One individual gave data (three “runs” of observations) yielding /j = 
20,800 for frequency of cardiac rhj thm, below 20° 

with “heat ngor” appeanng at 47°, for the cardiac ganghon and 
ncn'cs, the limits of activity are 0°- and 42°-43° At the lower 
temperatures, beating vas observed to become regular at 8 7° to 
9 2°, belov 8 7°, down to 5 9°, an occasional isolated beat was seen, 
on warming up to 8 8° to 9 0°, regular contractions were umformly 
observed It is worth noUng that these thermal limits, determined 
ffom observations upon a large number of embryos, were found to 
be the same in ernbr, os kept for 15 days at 4 0° as in those main- 
tained at room temperature or used m warming or coohng expen- 
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mcnte. Ms agrees with the essence of Mayer’s (1914) findings 
upon the adult LimuUts and points to the conclusion that in this 
instance the thennal effects depend upon the composition of the 
animah rather than upon thennal adaptation 
Betnccn the extremes of temperature which limit the exhibition 
of regular rhythm (9®, 40 5®) the following arc found to be cntical 
temperatures, in the sense (Crosier, 1925-26, a) that abrupt change 
or irregularity may there appear in the curve relating frequency to 



l/faha. 

FiO 4 Lmulns Embryo 5 gave ^ « 35 JOO, bcloif ^ 


temperature 20®, 27®, 30® to 34 5® We purposely avoided the 
possible influence of the ' break” at 20®± by largely working below 
or above this temperature, with different embryos One individual 
(No 2 , Fig 5) was found by repeated runs of observations to exhibit 
a sharp “break” in the curve of heart beat frequency at 20®-21® 
of such a character that a change in frequency accompanied a change 
of temperature characteristic. This Is the first instance of the kind 
which we have been able to study carefully The probable existence 
of such cases has earUer been mentioned (CrtMier, 1925-26, 5), th^ 
are of particular Interest for the theory of cntical temperatures 
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V 

The temperature characteristics for frequency of cardiac rhythm 
in Lsmulus embryos thus appear as definite and recurrent qu an fa ties. 
The fact that two individuals apparently similar may yield quite 
different magmtudes of m simply means, we take it, that the two 
pace maker cells or cell groups m these hearts have slightly different 
metabolic adjustments, or that the pace maker groups are different 
If this were correct we might reasonably expect to alter pi experi 
mentally in a more or less predictable way This we did not attempt 
m the present observations although it has been accomplished m 
other instances (Croaer and Stier, 1925-26, b) It would also be 
predicted that the vanous values of p. obtamed should show certam 
interrelationships Thus the common association of the values 
11,300 and 16,200 in respiratory and other processes (Croaer, 1924- 
25, b) finds rational application m the present case. 

For the heart of adult Limulus the characteristic p, so far as can 
be ascertamed, is about 12,200, m several mdividuals (data from 
Garrey, 1920-21, a, b^ cf Croaer, 1924r-25, a) /x — 23,500 below 
15° With one exception, which is not mtrinsirally of great weight, 
this value of p, does not appear m connection with the embiyonlc 
heart. The data upon adult heart rates came from experiments in 
which the temperature of the cardiac ganglion alone was vaned, and 
the M obtained agrees quantitatively with that for a number of other 
Instances among arthropods in which central nervous control may 
be assumed (Crozier, 1924-25, o, Crozier and Stier, 1925-26, a, Fnes, 
1926-27) The mcrements apparent in the observations on the 
embryonic hearts, however, are of frequent occurrence m data on 
the heart rhythms of molluscs and vertebrates {(f Crozier 1925-26, b) 
This sort of result points defimtely to different cheimcal control of 
heart pulsation In embryo and in adult Ltmultis, and to the relative 
diversity of the pace-making control m the developing embryos, (If 
adult Ltmultts were to be used, the possibflity of myogenic effects 
might have to be re<^ned with, m addition to the neurogemc auto- 
matism, if the temperature of the whole organism were vaned, cf 
Hoshmo, 1925 ) 

The possibility of diverse pace making processes m the hearts of 
different mdividual embryos, and thus in different but functionally 
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analogous cells, is important for the imderstanding of thermal effects 
m isolated heart preparations and m cultures of developmg myocar- 
dium To this there must be added the recogmtion of sources of 
confusion which may result from the fluctuation of controllmg cir- 
cumstances within smgle cells, of which at least two kmds of disturb- 
mg effects can reasonably be suggested The behavior of the “acces- 
sory hearts” of Notonecta is particularly significant m this connec- 
tion (Crozier and Stier, 1926-27, b) At the moment we wish to 
deal particularly with the consequences of the occurrence m a smgle 
pulsatmg structural mass of a diversity of possible pace-makmg ele- 
ments (cf, for the chick heart, Cohn, 1925) Murray (1925-26) 
found that the apparent temperature charactenstics for frequency 
of pulsation m cultured explants of chick myocardium failed to show 
umfonmty, and failed to be grouped about detectable modal values 
In such preparations there must exist at any moment a number of 
possible pace makers The net result of their fluctuatmg control 
would be expected to obscure or to blur the influence of any one, 
smce it IS fair to assume that their respective inner metabohc states 
might be differently adjusted In heart cell cultures the controllmg 
influence of the intrmsically faster beatmg component of compound 
masses has been demonstrated experimentally by Ohvio (1926^ and 
this appears mdeed to be a general condition (c/ Mayer, 1911 , Crozier, 
1916) 

The sort of situation, therefore, which we beheve to exist m pulsat- 
ing heart cell cultures is one m which a number of distmct “pace- 
making” cells or cell groups are present m each pulsatmg mass The 
intrinsic frequency of imtiation of rhythmic contraction is supposed 
to differ among these pace makers If one pace maker defimtely 
possesses a much faster rhythm than the others, its effect is umformly 
apparent But if two or more pace makers have nearly the same 
mtnnsic frequenaes, but are metabohcally different, so that each 
exhibits a charactenstic relation to temperature, their several influ- 
ences upon the gross sequence of pulsations should mterpenetrate, 
at one moment pace maker A, at another instant, before A starts 
again, pace maker B is in control One consequence of this kind of 
effect ma\ be tested immediately The latitude of vanation, ex- 
pressed as a percentage of the mean pulsation-frequency at each 
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temperature, should not be constant if pace makers A and B have 
different temperature characteristics. This is precisely the situation 
disclosed in several of Murra/s (1925-26) figures. Therefore tem- 
perature characteristics deduced from such data en moss must be 
regarded as without specific significance. 

Three corollaries are at once deduable (1) The situation here 
pictured and tested differs from that (Crozier, 1924-25, a) in whichit 
IS supposed that the slowest process of a catenary series of catalyzed 
transformations dictates the q>eed and temperature characteristic 
for the veloaty of formation of the end result In the present case 
the swiftest pace maker determines the maximum frequency of 
rhythmic contraction Therefore we may expect to find cases in 
which the *‘mean^* temperature characteristic is mcreased at high er 
temperatures. The realization of this possibflity is suggested in 
several figures given by Murray (1925-26, Figs, 1, 2, 3) One effect 
of this would be to bring about instances m which the log latitude of 
variation mcreases with Increasing temperature as well as others in 
which the change is in reverse direction These differences appear 
in Murra/s figures, 

(2) Of greater interest is the corollary that if our assumed pace 
makers A and Bj respectively generating the most frequent and the 
least frequent contractions among the group capable of acting as 
pace makers at aD, should have the same temperature characteristic, 
then the logarithmic latitude of vanation should be constant, 
and m such cases the /i deduced should correspond well with a value 
found in homologous instances In the figures given by Murray 
(1925-26, Figs, 1, 2, 3) we find, for cases meeting this requirement, 
n — 8,000, n — 11,000, and fi — 16,100, these compare well with 
values commonly recognized in heart rate measurements (Crozier, 
1925-26, b) 

(3) For cases m which the latitude of variation is inconstant, the 
slopes of the hnes fitting the extreme variates on the semilog plots 
should be straight and shonld provide approximate n values char 
actcnstic of the limiting pace makers And we should expect these 
to compare favorably with temperature characteristics encountered 
elsewhere We have treated in this way the plots given m Murray's 
Figs, 1, 2, 3 The result in one case is reproduced m Fig 6 The 
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charactenstlcs obtamed are noted in the figure, and the result may 
certamly be taiten to agree with the expectation 
The effect of two such limiting p>ace makers could be imitated by 
combining the observations from two mdividuals (Limulus) m which 
for frequency of heart beat is different but the rates at given tern 
peraturc approximately the same. It may be suggested that 
precisely this condition may appear if one were to measure the fre- 
quenaes of contraction in the heart of an Asadian, without reference 
to the places of ongm of the individual beats, or, perhaps better, in 
a medusa deprived of all but several rhopaha. 

These consideratiODS do not completely account for the sources 
of complexity probably present when such an object as a heart cell 
culture is studied in this way The mdicabons already obtamed 
however, show why m these analyses we have contmuously Insisted 
(1) upon the errors which may be involved m the process of averaging 
rates or frequenaes of vital processes m different mdividuals, or even 
in the same mdividual at different times, and (2) upon the nbbon form 
of significant plottings. There is to be added the further type of 
difficulty entering when a break occurs m the curve relatmg frequent^ 
or rate to temperature, should this sort of change be present m 
the activity of one pace maker, absent m others, the loganthmic 
latitude of variation must agam change if the curve for this pace 
maker falls outside the linlits set by the activities of other concurrently 
effective pace makers. Such a break, furthermore, may or may not 
be accompanied by an abrupt change of frequency, and changes of 
frequency may occur without change of temperature characteristic. 
These are not imaginary situations (cf Ciozier, 1925-26, b, Croner 
and Stier, 1924-25, b 1925-26, b) It seems to us inherently probable 
that disturbances of these types are likely to be encountered with 
greater frequency in objects such as isolated cell masses m culture 
tbao m connection with organs of mtact animals, although we may 
also suggest their probable occurrence in the heart rhythms of em 
biyos. The plottings given by Murray (1925-26) contain features 
suggestive m this respect, which we venture to predict will find ex 
planation m further studies of embryonic heart rhythm 
'There is one general aspect of this whole matter which requires 
brief additional comment, Murray (1925-26) has suggested that 
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the c;=icn‘J-l d’rercnce bet-rrcea the gross results of his obser\'2lious 
z~a tunic in cnscs There intect orcarims have oeen crrp’oscd hes 
in '"c cocration of some regulator}* properts oi the comp’etc organism 
S nee tnere is a possioiht} of vagueness in the understanding of ruch 



FrG 7- Srraltantacs csterminatians o! ireaueac- oi gill movements and o'’ 
Vssrt 'bent in ^err tint lie tempemtore cnnmcter^c is not tie snme for 

tie tro activities. Ti_5 dlsp'oves cetermmntiDn o: p by tie o'gnmsm as a vio^e. 

a suggstion vre naav point out that it may be understood in two wav's 
open to test. The ‘organization factor might pertain simply to 
the heart or other structure immediately impheated m the observa- 
tions, or it mi^t be taken as a feature of the organism as a whole. 
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The former effect can and must be granted at once as an obvious 
tnusm, in the sense that the structure of a hearty for example, permits 
control by a definite localized pace maker The latter view can be 
tested by determining simultaneously the temperature characteristics 
for two or more different activities m the same individuaL We have 
previously made such experiments. The frequencies of heart beat 
and of respiratory movements in the same individual arthropod, 
synchronously deterrmned, do not vary together and do not have the 
same temperature characteristics. This holds also for embryonic 
LtmuJus, the frequencies of gill movements providing mcrements 
quite different from those here obtamed for the hearts (cf Crozier 
and Stier, m a subsequent paper) For the moment we may illustrate 
the pomt by means of data from experiments with AseUus (Fig 7) 
Therefore a general control by the whole organism is excluded The 
results of these experiments will be detailed m another place They 
are patently significant for the theory that a specific thermal mere 
ment has a particulate locus, 

SUiniARY 

Temperature characteristics for frequency of myogenic heart beat 
in Ltmulus embryos, before the onset of nervous control of the heart, 
were found to be 11,500, 16,400, 20,000, 25,500 The two first values 
are the best eatabhshed The different values pertam to the hearts 
of different mdividuals outwardly snnilar, and to the hearts of smgle 
embryos m different parts of the temperature range. These values 
differ from that known in connection with the control of the heart 
beat through the cardiac ganglion The occurrence of cntical tern 
peratures, also is not the same m all embryos These facts are 
employed m a discussion of temperature relations m pulsatmg ciplants 
of chick myocardium 
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GEOTROPIC ORIENTATION OF YOUNG RATS 


By W J CROZIER Airo G PINCUS 

(From Ihf Lahoralory of Gtna-al Physiology Harvard UntvcrHfy, Cambridge) 
(Accepted for publication, lanuary 12 1927 ) ^ 

I 

In descnbing the geo tropic conduct of young rats {Rattus norvegtcus)t 
we have stressed the fact that to obtain data suitable for quantitative 
treatment of the gravitational orientation it is necessary to employ 
individuals of the closest possible snnilanty This has meant, in 
practice, employing Utter mates from lines long mbred, under ettemal 
conditions as nearly umfonn as pos^le, The result has demonstrated 
that, with these precautions taken, it is possible to formulate precisely 
the connection between the mtensity of exatation and the extent of 
the geotropic onentation On a crewing plane rncUned at angle a to 
the honeontal, and in which the effective gravitational component is 
therefore proportional to sm a, the onentation path is one defined by 
an angle 6 on the plane, such that ■* A log sm a — C The precision 
of the onentation increases according to the same equation In addi 
tion, — cos — JC sin a The spud of progression bears similar rela 
tions to the angle a 

It was proposed to interpret these results as signifying that on an 
inclined plane the rat orients upward until the difference between the 
work done by the legs of the two sides is reduced to a certain (constant) 
fraction of the total It is possible to entertam this view because the 
differential postures of the legs encourage it, and because they are 
extended in the plane of creeping It is supported by the effects of 
mcreasing the mass lifted during creeping, as by attaching weights to 
the base of the animal’s tail This conception of the geotropic excita- 
tion controIUng the amount of onentation as a proprioceptive matter 
IS strengthened by further findings m this laboratory regarding the 

I Croiier and Pincm 1926 1926-27 a b Pincus, 1926-27 
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onentation of molluscs Mr T J B Stier has also observed an 
identical type of onentation m newts {N oiopthaltmis) , with the addi- 
tional important fact that when the sign of onentation is reversed, 
and the animal then becomes posthvely geotropic, the angle 6 is the 
same as m the more usual geonegative onentation 
An immediate corollary to these findmgs in rats of one type (R 
iiomegtciis) was the possibihty that certam genetic or specific differ- 
ences might find expression by means of the constants m the equations 
for geotropic behavior This deduction we now propose to illustrate 
As matenal for this purpose we chose a stram of the roof rat {Ratttts 
ratttis) Individuals of the proper age, 13 days, were very kmdly 

TABLE I 


The angles of upward onentation (e) dunng creeping of young R railus upon 
a plane inclined at angle a to the horizontal The values of e are each the mean of 
fifteen detenrunations, three on each of five rats m one fitter 


a 

0 

P E a, 

AS per cents 

10^ 

27 0° 

ptr cent 

8 74 

15“ 

37 1“ 

5 78 

20^ 

48 1® 

3 6S 

30^ 

61 9® 

2 34 

40® 

71 0® 

1 88 

50® 

SO 1® 

1 72 

60® 

83 5® 

1 06 


placed at our disposal by Dr H W Feldman of the Bussey Insti- 
tution We are greatly mdebted to Professor W E Castle, and to 
Dr Feldman, for this and other like assistance 
In this rat the geotropic mfluence could be expected to be more 
pronounced Aside from the matter of its persistence into adult hie, 
the relatively greater lengths of the legs, and the somewhat less body 
weight, were each expected to play a part m modifymg the constants 
of the equations for geotropism 


n 

Fne members of one litter, 13 days after birth, were employed m 
secunng the final senes of obsenations collected m Table I The 



W J CROZIER AND O PINCTTS 


521 


experiments were made m a dark room, with temperature 20®-23°, 
following the technique outlined in previous papers ^ 

Within the limits of the probable errors of the means the measured 
values of 0 adhere quite precisely to the relationship already cstab- 



FiO 1 The extent of upward onentfttfon (J) on a plane indined it angle a to the 
horixontol u Unearly related to log tin a during gcotroplc creeping of ymmg Jt 
roUta Each observed angle of orientation b plotted as a bar of which the height 
— 2 PX- The dtparture of the observed angle at the lowcit Inchnadon (10^ b 
Tcferred to In the text 

lished^ for the Norway rat, as Fig 1 shows, and they thus provide an 
Independent confirmation of it. The precision of orientation decreases 
linearly as log ain a Increases (Fig 2) The observations at the lower- 
most magnitude of a are necesarily very variable, because the slight 
geotropic stimulation does not sufiSdently inhibit movements ong- 
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mating m other ways The fact that here agam, as with the Norway 
rat, cos 6 decreases hnearly as sm a mcreases^ is made evident in Fig 3 
To compare these results with those given by the speaes first used 
it is necessary to obtam the constants m the several equations This 
IS most convemently done from Fig 2 For the roof rat the “ideal 
threshold” for geotropic onentation is 3 5° [cos d = 1], as compared 
with 6 5° for norvegtcus, and 90° onentation is obtamed at a shghtly 
lower angle (67 2°) than m norvegtcus (70 0°) This is m accord with 
the expectation that the “geotropic sensitivity” of the roof rat should 
be greater The equation descnbing the onentation (Fig 3) is 

1 — COS B ^ Ksm a M (1) 



Fig 2 The variability of the measured angle of orientation (e) deaeases almost 

Imearly m proportion to log sm a At the lowest mclmation the vanability is 
disproportionately large, because the “threshold” presumably differs from mo- 
ment to moment 

For R noTVCgtciis, of the type used in our previous experiments,' 

A = 1 206 
= 0 113 


Fori? raituSy 


« 1 18 
M = 0 06 


In terms of Fig 1, 


<? = A' log sm a — C 


(2; 
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m 

Our sole purpose in recording the outcome of the present expen- 
ments is to demonstrate that the methods employed are not only 
capable of 3aeldmg statistically significant results m terms of an in- 
telligible mechamsm, but also of providmg a method for the prease 
characterization of behavior differences within genetically uniform 
Strains It IS not too much to hope that the obvious development 
and apphcation of this view-pomt may lead to results sigmficant for 
inhentance studies Certam aspects of this matter we expect shortly 
to have m hand 

IV 

SUMMARY 

The geotropic onentation of RaUtis ratliis (roof rat) obeys the equa- 
tions previously found apphcable for Raitiis norvegiciis The former 
is more sensitive, geotropically, and the numencal values of the con- 
stants m the equations for the two forms are foimd to differ sig- 
nificantly Certam consequences of this difference are pomted out 
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GEOTROPIC CREEPING OF YOUNG RATS 


Br G PINCDS 

(From tke Laboratory of Gertcral Fhysialoxy, Harvard UnhersUy, Cambridie) 
(Accepted far publication December 2» 1926 ) 

I 

The geotropic conduct of young rats has been discussed in a previous 
paper (Croaer and Pmeus, 192M7) with special reference to the angle 
of onentation upon an inclined plane It was found that the angle of 
onentation {&) 13 directly proportional to the logarithm of the gravi- 
tational component (g sm a) m the creepmg plane This is explicable 
as the result of the distribution of the pull of the ammal^s weight 
upon the legs of the two sides of the body during progression, upward 
orientation being the result of the *^puU” of the legs on one side and the 
upward ‘‘push** of the legs on the other side, when orientation 15 at 
tained, the ratio of the tensions on the legs of the opposite sides is 
regarded as constant and the difference between these tensions as a 
constant fraction of the total downward puU 
To examine further the nature of the gcotropic conduct of young 
rats, observations on the speed of upward creeping were undertaken 
Cole (1925-27) has discussed similar observations on Belix, he con 
eludes that the speed of movement, after onentation has been at 
tamed, vanes os sm a But, as has been pomted out already (Crozier 
and Pmcui, 1926-27), m these experiments the speed measured was 
that of wr/icof ascension, and no correction was made for the changes of 
6 at the different angles of inclination, such changes occur in the orien 
tation of gasteropods Smee, at lower angles of inclination of a creep- 
ing plane (lS*-70®) the animal moves at an angle (0), it is necessary to 
multiply the tune of upward creepmg by the sme of the angle of onen 
tation («) in order that the amount of time actually necessary to cover 
a constant distance may be dealt with at each angle of mdmation 
Fig 1) In tenns of Fig 1, the rate of creepmg is given by the 
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fraction where AB = 32 cm , and / is time m seconds The 

t sm 6 

reauired rates are therefore proportional to 

^ { sin 6 

II 

The rats used m these experiments were 13 to 14 days of age As in 
the previous experiments, only anunals with unopened eyes were 
used To msure uniformity the animals employed were of the same 
age (htter mates), of known genetic constitution, and of the same 
weight It was soon found that the animals show periods of activity 



Fig 1 On a plane inclined at angle a the path of geotropic orientation is (solid 
hne) at angle 0, the time ^\as measured for creeping the distance 32 cm as indi- 
cated The rate of progression is then obtained as sin O) 

followed by penods of inactivity, the latter being possibly due to or 
mfluenced by fatigue Care was therefore taken to use only active 
indmduals, and between tests each animal was allowed to rest for 
20 to 30 rmnutes 

Observations tv ere made in a dark room under red light of low mten- 
sit> , at a temperature of 23°-25°C The animals were placed on a 
creepmg plane of wood covered by fine meshed copper wire A dis- 
tance of 32 cm was marked off on the creeping plane with white chalk, 
and by means of a stop-watch the tune was taken for the anunal to 
creep from one white line to another 
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At least ten runs were made at each angle of inclination, and at 15® 
and 20® inclinations, where the speed is more variable, twenty runs 
were recorded 


m 

Table 1 contams (o) the tnnes for creeping between two lines 32 
cm apart {AM m Fig 1) as obtained for vanons angles of mclination 
from 15°-60®, and (6) the corrected rates secured by mulbplying the 
observed rates by the sme of the angle of onentabon (fi) and taking 
the reciprocals No records for inchnabon above 60® were taken 
because these young animals have not the muscular equipment 

TABLE I 


Antlcj of Orieniaiion and Rates of Cretfnni at Dijcrtnt Inclinations of the Crupini 
Plant. 


AafU of IndJuuloo 1 
<-) 

Usm 1 

TWfciilT 

l*?t)babV tmx u 1 

per cent ol tbc tncM 

Ai]Ct( d oricBUlkn ^ 
1*) 

lUuid empbt 

lrdn« 

15 

6 73 

3 14 

37 4 

2 442 

20 

5 42 

2 94 

44 5 

2 636 

25* 

4 73 

2 S2 

52 9 

2 654 

SO 

4 14 

2 23 

57 4 

2 872 

35 

3 61 

2 42 

1 64 0 

3 082 

40 

3 40 

1 84 

69 8 

3 139 

50 

3 10 

1 1 63 

77 9 

3 300 

60 

2 95 

1 05 

84 7 

3 407 


necessary for uniform response to the more Intense geotropic exatatlon 
of the higher angles of mclination The speed of creepmg, like the 
angle of onentabon, vanes directly as the loganthm of the angle of 
inchnabon (Fig 2) Therefore the speed of creepmg should be di- 
rectly proportional to the angle of onentation (tf), and Fig 3 shows 
that this IS the case 

In a prccedmg paper (Croaer and Pmeus, 1926-27) it has been 
shown that the prtcssion of upwardly directed movement mcrcases 
as the angle of inchnabon mcrcases That is, the reduction of vana 
bility (TO m the measurements of d Is proportional to the loganthm of 
the gravitabonal stimulus 


~ y -K log fin cu 
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Fig 2 The rate of creeping expressed as 10/(/ X sm 0 ) is plotted against the 
loganthm of the active gravity component A direct proporbonahty is observed, 
the spread of the pomts at the lo^er mchnations indicating the increase m varia- 
tion va\b lovrer intensities of sti m u la tion 



Angle of o^entAtion^a 


Fig 3 The rate of creeping is plotted against the angle of orientation (e) 
Smee both arc dircctl> proportional to the logarithm of the acUve gravity com- 
ponent It follov^ that the> should be directly proporUonal This is the case, and 
a checL is had upon the relation expressed in Fig 2 ^ 





O PINCUS 


529 


This relation is plotted m Fig 4 for the speed of creeping The 
speed of creqimg is a much more compheated thing than the simple 
geotropic oncntation, and is influenced by unanalysed fatigue effects 
and by tydea of activity Furthermore, only ten observations were 
taten at each mdination Nevertheless, it is apparent that the varia- 
bility m qiecd of creeping is less at higher angles of mclmation than 
at the lower angles, and that the relationship Is linear, as m the case of 
the amount of upward orientation 



Fin. 4 The ‘ coefficient oi vaimtloa ” expressed bv the probable error as per 
cent of the mean, i* plotted sgalnst the l<^arithm of the active gravity com 
ponent The result Indicates that the variability fn the rate of creeping dccreaBcs 
as the angle of inclination (a) is increased, and in the same manner as the varb 
bUlty of the extent of upward orientation (Croncr and Hneus 1926-27) 

IV 

When weights are attached at the base of the tail of a young rat 
creeping on an mclincd plane the angle of onentation increases ap- 
promnately as the loganthm of the added wci^t (Crozier and Pmeus, 
1926-27) To test this relation further, the speed of creepmg with 
attached weights was measured at two angles of mclmation, 15® and 
20® Weights of 1 6, 2 6, 5 2, 7 0, and 9 8 gm were used 
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The angle of onentation (0) with attached weights was measured as 
well as the rate of creepmg, and correction of the rate was made by 
multiplying the observed times by sm e, as before The results are 
given m Table IT Fig 5 gives the corrected rate plotted agamst the 
logarithm of the added weight and mdicates a direct proportionahty 
for the 20° mchnation, at the 15° mclmation the plot is apparently 
curvilinear However, when, as m Fig 6, the corrected rates are 
plotted agamst the angles of onentation (e) the direct proportionality 
observed mdicates that the curvilmear distnbution m Fig 5 for 15° 
IS accidental 

The significance of these data lies m the fact that they demonstrate 
the proportionahty of geotropic response to the loganthm of the ac- 


TABLE ir 


Angle of 

15 

20* 

Attached 

weight 

(gm) 

0 

1 

j 

1 6 

1 

2 6 

5 2 

7 0 ; 

1 

9 7 

0 ' 

1 6 i 

i 

2 6 

5 2 

1 

7 0 

9 7 

Angle of 
onenta- 
tion (0) 
Time of 

37 35 

44 0 

51 3 

67 0 

i 

72 5 

34 3 

47 95 

51 0 

62 0 

78 1 

80 3 

90 0 

creepmg 
(seconds) 
10// sm B 

6 63 
2 477 

5 27 
2 734 

4 50 
2 849 

3 54 
3 071 

3 IS 
3 332 

2 77 
3 628 

5 07 
2 658 

' 

4 57 
|2 816 

3 64 
3 115 

3 12 
3 276 

2 85 
;3 562 

2 65 

3 773 


ti\e gravitational component, rather than to the gravitational mten- 
sity directly They give further confirmation of the hypothesis that 
the geotropic responses are the result of the pull of the animal’s weight 
on the legs of opposite sides This makes it imnecessary, or mdeed 
impossible, to account for the onentations m terms of the pull of the 
head upon the neck muscles It may be emphasized that as the 
n eight of the attached load is mcreased, or as the angle of mclmation 
of the creepmg plane is mcreased, the legs are actually further ex- 
tended The angle of orientation, however, seems to be determmed 
b> the difference m effective pull on the legs of the two sides, such that, 
diagrammatically, at onentation {x - y) cos 6 = KMg sm a, where x 
and y represent the lever radu of the legs on the “down” and “up” sides 






Fxo 6 The rate of creeping with attached vrelghti at two anglei of inclination 
(15®and 20°) Is plotted against the observed angles of onentation at these nnglea 
of inclination The result show* a direct proportiooaht> the curvilinear relation 
at 15° as apparently indicated m Fig 5 Is not detectable. 
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of the body, respectively If KMg sin a be increased by adding a 
load to the rat’s tail, K remaining a constant and M bemg the mass 
hfted, {x — y) cos flmust mcrease, hence {x'— y) must become larger 
(smce 6 IS mcreased) , therefore the legs on the ''up” side are further 
extended, relatively, than m the absence of added weight, this is a 
fact of observation Thus the mcrease m 6, with a constant, when a 
weight is added, results from the extension of the limbs by the added 
load, smce the "upper” or y limb is stretched and thus more extended 
The speed of creepmg m mfluenced m exactly the same way as the 
extent of onentation 

SUMMARY 

The rate of upward creepmg m negatively geotropic rats aged 13 to 
14 days is a function of the gravitational stimulus The rate of up- 
ward movement on the creepmg plane, like the angle of onentation, is 
directly proportional to the logarithm of the gravity component The 
vanability m the speed of creepmg decreases m proportion to the 
loganthm of the gravitational effect When weights are attached to 
the anunals’ tails the rate of upward creepmg vanes almost directly 
as the loganthm of the attached weight, and the speed of creeping is 
still proportional to the angle of upward onentation 
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Studies on internal reactions of cells as well as permeability of ccUs 
to acids and alkalies have usually been concerned with changes in the 
color of mtravital indicators, Introduced or taken up by the cell, as 
well as changes m naturally occurring cellular pigments (1-6) 
Death and functional changes withm alls have also been used as 
entena of penetration of adds and other compounds into certam 
speoaheed types of cells (2, 7) From the standpoint of an accurate 
quantitative treatment of intracellular pH changes m such experiments 
the usual errors and limitations of colonmetnc as well as of mortality 
methods are ever present and seem to allow but hmited expenmen 
lal procedures The present paper is based upon an attempt to study 
the mtiacellular reaction (pH) m smgle egg cells of a marme fish, 
Fundtilxts heterocliUts^ by means of a micro hydrogen electrode and 
vessel originally designed for the detenmnation of the pH values 
of minute quantities of insect blood (8) With suitable modifications 
of the electrode vessel it has been found possible to make three sepa- 
rate determinations on a smgle Fundidtis egg cclL 

Mtihod 

The micro hydrogen electrode eoid vciad used in these experiments were is 
ongmilly described (8) with the exceptioa of a cxpUliry vessel modified lo that 
a drop as small as ODl cc, could be conveniently handled. Both fertiUzed and 
unfertfllxedeggsoiFKrtiuluj AeferocJiiur obtained at Woods Hole Massachusetts 
■were used- All eggs were taheg directly from the female by stripping* them Into 
the solution contamed in finger bowb Eggs from each animal were kept and 
tested sepaiatriy In expenmaits where rates of penctratioa of aad into the 
cells were followed the eggs were first thoroughly washed In distfUed water to free 
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them as far as possible of adhering electrolytes, as suggested by Loeb (9) In 
carrying out pH detemunations mdividual eggs were always used and readmgs 
■were made on tnphcate Between each readmg the electrode was washed and 
checked by readings on standard buffer solutions of known pH values The 
electrode vessel was at tunes put directly mto the egg and the fluid drawn up mto 
the capillary, while at other tunes small punctures mto the surface of the egg with 
fine glass or steel needles were made and the fimd then immediately drawn up mto 
the capillary No significant differences were found m pH values for fluid drawn 
up mto the capillary by these different methods In all experimenls the 
consumed m drawing up the fimd mto the capillary and m the taking of pH read- 
mgs was extremely short, a matter of a few seconds Eggs were mdividually 
taken from solutions by means of pipettes, washed m distilled water m the case 
of the aad experiments, qmckly dried, and excess solution removed from the 
extenor by placmg them on dry filter paper They were then placed on a small 
watch-glass, qmckly punctured, and pH detemunations made on mtracellular 
flmd In all instances the mtracellular flmd alone was used Twenty to thirty 
eggs were always used m each expenment with 100 cc of solution kept m covered 
finger bowls Temperature durmg the entire course of the experiments ranged 
from 20°-22°C , but for any one expenment did not vary at any tune more than 
±0 ST 

Observattons and Results 

Results of typical experiments are shown graphically m Figs 1 to 7 

Unfertilized eggs “stnpped'’ from the female directly mto dis- 
tilled water or sea water give the same mtemal pH values, showmg, 
as repeatedly pomted out by Loeb (9), that the eggs are httle affected 
mtemaUy by distilled water pH values for eggs from the same 
mdividual are fairly constant, while eggs from different mdividuals 
exhibit considerable vanation — as shown m Fig 1 These vanations 
in eggs from different mdividuals are doubtless due to differences in 
the ages of the eggs obtamed at the tune of “stnppmg ” The mean 
average mtemal pH value for unfertilized eggs at the time of "stnp- 
pmg” IS 6 39 Unfertilized eggs kept m distilled water or m sea water 
and the solutions changed at frequent mtervals show fairly constant 
mtemal pH values for penods up to approxunately 48 hours, after 
which the values become progressively more aad until the egg finally 
dies The most stnkmg difference showm between a fertilized and an 
imfertilized egg is the marked constancy of mtemal pH values of the 
fertilized eggs as compared with the vanations m the case of the un- 
fertilized eggs (Figs 1 and 2) This perhaps is agam due to the sum- 
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lanty in oondiUon and age of the fertHuced as compared with the vari 
003 degrees of unnpeness, etc., of the unfertilized eggs Fertilized 
eggs show an extremely constant pH value, 6 39, even after the de- 
vclopmg embryo has mercased considerably m size (Fig 2) 

It 13 of some interest to note that the internal reaction of Funduius 
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Fio 1 Sh(mi mteiMl pH vilaes for tmfertiUted Fundalm eggs at lima of 
'stripping*' from female and during exposure to »ea water for different time inter 
vaU. Each point re p reaents average of day in some cases for eggs frmn some 
female, in othen for eggs from different femalea. 
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Fio 2 Shows average internal pH valaca for fertilieed Fundidiu egg* during 
ooum of development of embryo Points represent average valnes taken from 
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egg, a vertebrate egg, is aad m nature dc^ite the fact of its almost 
constant olkalme sea water cnxTiODincnt 8,2) Paternal aad 
reactions, however, have been reported for vanous forms, protozoa, 
Aibaaa eggs, etc by several authors (1, 5-5} 

Inasmuch as Loeb 9) has so strikingly shown the extreme 
resistance of Pundulus eggs to changes in osmotic pressure, to aads, 
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Fig 3 Shows changes in internal pH values of freshly ‘‘stnpped’^ unfertilized 
Fundulus eggs exposed to HCl, pH 3 8 



Time 


Fig 4 Shows changes m internal pH values of freshly ‘^stnpped’' unfertilized 
Fundulus eggs exposed to HCl, pH 4 3 


etc , and since by the present method the mtemal pH of the egg could 
be measured, it was thought desirable to make experiments similar 
to those of LfOeb and to follow mtemal pH changes as well as func- 
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lional changes m the embryo Both /ertiliMd and imfertilixed eggs 
were subjected to HCI of different pH values and the rates of mtcroal 
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S Shows chseges In Intenuil pH values of Fundulm eggs (4 days after 
fcrtfliatlon) exposed to HO pH 43 Arrow indicates time of cessation of heart 
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Fio 6 Same as Fig 5 but for eggs 10 days after fertfliratlon Arrow as In 
Hg 5 


pH change were noted Unfcrtihrcd eggs seem to be less resistant to 
HQ t h a n fertilised eggs, as shown m Kgs 5 to 7 It is of interest 
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to note (Figs 3 and 4) tliat HCl, pH 3 8, enters the unfertilized egg, 
as judged by internal pH changes, at a rapid and fairly uniform 
rate Changes m opaaty of the cells closely foUow mtemal pH 
changes Less concentrated aad (pH 4 3) penetrates less quickly, as 
shoi\'n m Fig 4 No appreaable changes m internal pH occur for 
some time after exposure to the aad, as shown by the flatness of the 
curve (Fig 4) for the first 100 mmutes The fact that the curves 
show a penod dunng which little penetration of HCl mto the egg 
occurred, followed by a fairly rapid penetration, would seem to mdi- 
cate a probable surface injury Fertilized eggs seem even more 
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Fig 7 Same as Fig 5 but for eggs 16 days after fertilization Arrow as m 
Fig S 


resistant to HCl (pH 4 3) than unfertilized eggs, as shown m Figs 
3 to 7 No marked differences m resistance correlated with age of the 
fertilized eggs seem to exist WTien changes m mtemal pH values 
begin they usually contmue at a imiform and slow rate until the ex- 
ternal and internal pH values are m equihbnum (Figs 3 to 7) In all 
cases at the time when the inner and outer pH values comcided the 
cell or embrx'o was dead Loeb’s (7) curves for the rate of penetration 
of HCl, pH 3 7, mto the Fundiihis egg show dunng the first few hours 
of exposure rather a imiform and gradual change m the pH of the ex- 
ternal solutions, mdicatmg, accordmg to Loeb, a gradual entrance of 
the acid mto the egg It seems to the WTiter that under the conditions 
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of Loeb^s experiments one '^uld hardly be justified in dmwmg such 
conclusions. 

In studies on the resistance of Fundidus ^gs to aad, considerable 
emphasis has been given by Loeb to the assumption that ecssabon of 
heart beat or circulation m the developmg embryo mdicates entrance 
of the aad through the egg membrane Durmg the course of the 
present eipenmcnta all eggs were carefully exammed under the micro 
scope and the time of cessation of heart beat or orculabon m the 
embryo noted It will be found by inspeebon of Figs 5 to 7, on which 
cessabon of heart beat is mdicated by an arrow, that considerable 
vanabons exist as to a correlation between cessation of heart beat 
and mtemal pH changes As a matter of fact, m several experiments 
it was found that many embryos with hearts stopped could be made 
to recover by bemg returned to sea water It seems to the author 
quite possible that surface effects of the HCl might easily account for 
such funcbonal disturbances without internal changes resulbng m 
the pH of the egg It is, of course, conceivable that the dehcate cm- 
bi3romc heart located so dose to the surface of the egg might be affected 
by the HCl before it diffused further mto the egg Such a concepbon 
cannot be checked by the present method smcc we are dealmg pn 
manly with changes m the pH of the egg contents and not with the 
individual cells of the embryo 

These results are of a prehminaiy nature and show that by this 
method we may obtam some idea of the rates of entrance of aads like 
HCl mto the-egg of Fundulus 

stnaiAEY 

1 By means of a micro hydrogen electrode and vessel the mtemal 
pH values of smgle egg cells of Fundtdtts htUrodtius have been 
measured 

2 Unf crtihxed eggs show a mean average internal pH value of 6 .39 
Considerable vanations m pH values for unfertilized eggs exist and 
these are perhaps due to vanabons m the ages of the eggs obtamed 
from different females 

3 Fertilized eggs show a mean average mtemal pH value of 6.39 
with extremely rmnW vanabons between eggs bom different females 
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4 No marked differences m pH values for fertilized eggs of differ- 
ent ages were detected 

5 Rates of entrance of HCl, as judged by mtemal pH changes, 
have been followed for fertilized and unfertilized eggs 
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THE PREaSE ilEASUREMENT OF HEMOLYSIN 

By CALVm B COULTER. 

(From Ikt Dtparimcni cf BofUrUhcy^ C9Jkic of Physuianj and Surttans Ccl- 
umbia Untvertiiy, New York ) 

(Accepted for pabliailloii, Jarnwuy 4 1927 ) 

The content m hemolysin of a solution is commonly measured as 
the amount which is just suffioent to produce complete hemolysis of 
an arbitrary quantity of red blood ccUs^ usually 0.5 cc of a 5 percent 
SMSpeasion of washed erythrocytes. The method employed for such 
measurement gi^es results which are neither exactly comparable m 
determinations made at di6fcrcnt times, nor highly precise The bus- 
ceptibihty of erythrocytes to hemolysis is mfluenced by many factors, 
and the amount of the minimal hcmolyxing quantity must vary 
accordmgly for every giccimcn of test cells. Lack of precision in 
the measurement results from the fact that relative differences m 
hemolysm content between adjacent tubes m a titration senes must 
be great, in order to distinguish the end pomt, so that the value 
determined differs often by a large amount from a possible true value 
The method of titration of hemolysm described m this paper was 
developed for a study of the association of hemolysm with different 
fractions of immune serum and plasma pro tern It measures hemoly- 
sm content as the ratio of the hemolytic activity of a given solution to 
that of standard nmnune scrum ITus standard has been usually a 
portion of the whole scrum from which isolated pro tern fractions have 
been dcn\ed 

This choice of a standard immune serum instead of a given quantity 
of erythrocytes, as the unit of measurement of hemolysm content, has 
the advantage that applies to the use of a diphthena antitoxm for the 
standardization of tonn and of new antitoxm the antibody is the most 
stable biological element of the immune system 
The necessity for a large merement of hemolytic substance m sue 
ccssive tubes m a titration to determine the minimal hemolyxmg 
quantity has long been recognized, and is not peculiar to the immune 
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hemolytic system With most, if not all hemolytic agents the mcre- 
ment of substance necessary to produce the final 10 or 15 per cent 
of complete hemolysis of a given quantity of cells is not m proportion 
to that which brmgs about the precedmg fractional amount of he- 
molysis, but greatly exceeds its proportion Madsen^ made this obser- 
vation first for tetanolysm, and to measure the lytic value of this 
hemotoxin determmed the amount reqmred to produce hemolysis 
equivalent to that of one-third or one-sixth of the total quantity of red 
cells used as reagent Schur- used a similar method for the estimation 

of staphylolysm, and plotted the amounts of lysm agamst the corre- 
sponding amounts of hemoglobm hberated The S-shaped curve so 
obtained is given also by serum, saponm, and NaOH, accordmg to 
Handovsky,® although Mioni^ had previously reported that the amount 
of serum hemolysis, with an excess of alexm, is proportional to the 
amount of sensitizer Brooks* found that the amount of hemolysis 
is not proportional to the amount of alexm m the presence of a constant 
amount of sensitizer, but is represented by an S-curve which is similar 
to those of Handovsky,* and has devised a method for the titration 
of complement which makes it possible to compare the amoimts of 
alexin which produce like results m constant time 
The method of titration of hemolysm content descnbed here utihzes 
the same pnnciple, it compares the amounts of imknown and of stand- 
ard hemolysm which produce a defimte fractional amount of hemolysis 
of a given specimen of erythrocytes when acting m conjunction with 
a given specimen of alexin 

The standard immune serum is freshly diluted for each titration 
and brought to a concentration such that 1 0 cc will produce almost 
complete hemolysis of 0 5 cc of a freshly prepared 5 per cent suspension 
of sheep eiy throc}'’tes A senes of tubes is prepared contammg 0 05, 
0 1, 0 2, 0 3, 0 4, 0 5, 0 6, 0 8, and 1 Occ of the standard immime serum 
dilution A prelmunary titration of the unknown serum or fraction 
IS earned out, if its approximate value is not known, and m a second 

■Madscn, Th ,Z Hyg u Infechonskrankh , 1899, xxxu, 214 
•Schur, H , BcUr chem Phystol u Path , 1903, ui, 89 
•Haiido\-sk\, H, Arch exp Path u Pharmakol , 1912, Lax, 412 
‘ Mioni G , Ann Inst Pasteur, 1905, ax, 84 
‘Brooks, SC,/ Med Research, 1920, xli, 399 



CALVIN B COBLTEK 


543 


scrips of three to five tubes ore placed graded amounts of the unknown 
such that approxramtely 50 per cent hemolysis of the test cell (juantity 
will be brought about by one of the intermediate tubes in the series 
The fluid in all tubes of both senes is brought to the same volume, 
05 cc of the erythrocyte suspension added with a quantitative or 
standardized pipette, and alexin representing two units added For 
reading m the ordinary Duhoscq colorimeter the final volume should 
be at least 4 cc. Both senes of tubes are placed simuItaneouBly into 
the water bath at 37®C , kept agitated, and withdrawn and placed in 
cold water as soon as hemolysis Is complete or almost complete in the 
hipest concentration of the standard senes After cooling the tubes 
are ccntnfugahzed and the percentage amountof hcmolysism each tube 
of standard and unknown senes is determined m the colorimeter, using 
the highest ” tube of the standard senes as the 100 per cent standard. 
This is permissable since complete hemolysis of one ‘*unit^* of cells 
IS not the end point chosen m the comparative measurement 
A graph is prepared In which the fractional amount of hemolysis 
in each tube of the standard senes is plotted as ordinate against the 
corresponding amount of dfluted immune sennn as absdssa. The 
curve ifl S-shaped, it vanes slightly m form with each specimen of 
erythrocytes or alexm From this curve is obtamed the value of the 
absdssa of the standard corresponding to the fractional amount of 
hemolysis produced in each tube of the unknown senes, or to the 
50 per cent ordinate determmed by interpolation on a curve drawn 
through the cxpcnmeatal points of the unknown 
Snnplc calculation then gives the ratio of the hemolysm concentra 
tion of the unknown to that of the standard The concentration of 
any solution m units which produce a given fractional amount of he- 
molysis under the conditions of each experiment may be represented 
bylf/K where if” is the dilution, or volume mcc in which is contained 
1 cc. of the scrum, or pro tern fraction referred to the ongmal serum 
volume, and V is the volume of diluted solution which is required for 
the given amoimt of hemolysis. Then the ratio of unknown concen 
txabon to concentration of standard is given as follows 

J/u ^ 

for each fractional amount of hemolysis 
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The ratios obtained from varymg amoimts of hemolysis have been 
found to agree -within 4 per cent if the ordmates chosen he between 
15 and 85 per cent on the scale of ordmates so that the probable error 
or divergence from the mean is not greater than 2 per cent for any 
smgle readmg Consequently a smgle tube of dilution of unkno-vra 
may be used for measurement of hemolysm concentration, if its value 
falls within the limits mentioned 

It IS important that both alexm and erythrocytes be fresh and that 
the cells be washed m only two changes of isotonic suspendmg medium 
More thorough washmg of the cells leads to higher values of hemolysis 
m the first part of the curve, "with little effect on the hemolysis of the 
final portion of the curve, so that greater error is mtroduced m deter- 
mmmg the abscissa of the standard which corresponds to the ordi- 
nate of the unknoivn 

Companson at different times, with different specimens of erythro- 
c>des and alexm, between the same unkno-wn solution and the same 
standard has given values that agree withm 2 per cent 

SUMMARY 

A method is descnbed for the measurement of hemolysm concen- 
tration, which makes possible exact companson of results obtamed at 
different times and -with different specimens of erythrocytes and 
alexin, and gives prease values -mth an error not greater than 2 per 
cent 



THE PROTEIN ASSOCIATED WITH HEMOLYSIN IN RABBIT 
SERUM AND PLASMA, 

BvCALMNB coulter, 

(From the Dep<irimcni of B<ickr{olo[yy Cotlcte of Pfrytictans and Suricons, CoJumtna 
Uniifftily iVfw I cfi ) 

(Accepted for pubUcatioo, Januarj 12 1927 ) 

The immune subsUnces or antibodies do not occur free m the 
blood, but are found assoaated with the proteins of the scrum or 
plasma With certain phenomena m the combmation of immune 
body and antigen, the behavior commonly observed may be a func 
tion rather of the associated protem than of the immune body itself 
‘Trotectlve^' or ^'sensitizing” colloid effects on cell su^iensions are 
brou^t about by a number of proteins which do not possess hnrnime 
bod) ^ The formation of a film of protem on the surface of the 
cell has been offered as an explanation of such cases It la not 
certam, however, that it Is the protem nature of the film in the case 
of immune sera which is responsible for the changes in the physico- 
chemical properties of the immune system On account of the in 
fluence of ''Indifferent” proteins, and of protein derivatives,*^ even 
when present in low concentration, experiments planned to throw 
light on this problem can be undertaken only with immune body 
preparations that contain no protein except that intimately asso- 
ciated with immune body The present investigahon was under 
taken in the endeavor to obtain such a protein fraction of immune 
serum or plasma Hemolysin was chosen as the immune body 
because of the relative ease and accuracy with which this antibody 
may be titrated 

> Coulter C B / Fhysiol 1921-22 iv, 403 

* Northrop, J H,, and Do Kniif P H / Phythl 1921-22 iv, 6SS 

» Eggcrth, A, R and Bellow*, hL / Gtn Phytiol^ 1921-22, iv, 669 

< Arkwright,; A,/ Hvf 1914 riv 261 

*DeKniif,P H / Ge« Phynol 1921-22 iv, 39S 

* Putter E , Z ImmuniFU^orKk Ong , 1921 rail, 538 

545 



546 


PROTEIN ASSOCIATED WITH HEMOLYSIN 


Hemolysm, or hemolytic sensitizer, is assoaated m rabbit serum 
with the globuhn, as is immune body in general,^ and has been found 
chiefly or entirely in the pseudoglobuhn fraction Recently, how- 
ever, hemolysm has been descnbed as occurring entirely or m greater 
part m the euglobuhn fraction ^ ” The assignment of immune body 
to one fraction or another must depend on the experimental defimtion 
of the fractions of serum 

In the present work protem fractions have been obtamed from 
the serum or plasma of rabbits immunized to sheep eiythrocytes by 
dilution with water, and dialysis, after adjustment of the pH to the 
optimum for separation of the less soluble or globuhn fractions The 
content m hemolj’^m of the fractions obtamed was determined by 
the method descnbed m a previous paper “ 

From serum the fraction com m only known as euglobuhn was 
found to preapitate on dilution at an optimal value of pH 5 9 to 
5 8 The amount of protem brought down and the hemolysm re- 
covered m the repreapitated globuhn vaned with the degree of dilu- 
tion the preapitate from a dilution of 1 to 5 contamed 1 4 per cent 
and from 1 to 20 dilution contamed m three sera 25, 36, and 45 per cent 
of the total hemolysm of the correspondmg whole serum Further 
lessening of the electrolyte concentration by dialysis m 1 to 6 dilu- 
tion of vhole serum or of the solution from which globuhn had been 
removed by dilution alone led to the separation of a larger amount of 
globuhn and immune body The pH of the solutions was adjusted 
to 5 9, dialysis uas earned out m coUodion sacs for 1 to 7 days The 
total amount of immune body recovered by this procedure repre- 
sented 45, 28, and 62 per cent of the total present m three sera The 
first value represents an increase of 9 5 per cent in terms of the con- 

' Pick, E P , Beitr clicm Physiol u Path , 1902, i, 351 
^Fuhrmann, F, Bctlr chem Physiol ii Path, 1903, m, 417 
’ Tvlejer, K. , Arch Eyg , 190S, Ixvu, 114 
Ruppel, \\ G , Ornstem, O , Carl, J , and Lasch, G , Z Eyg u Injechons- 
hrai hi , 1923, WTi, 18S 

” Locke, A , and Hirsch, E F , / Inf Dis , 1924, xxrv , 519 
^ 0‘to and Sukenmko"^, Z Eyg u Infectionskrankh , 1924, ci, 398 
' Laubenheimer, k , and \ ollmar, H , Z Eyg u Itifcclionskrankh , 1926, 
eva, 202 

Cojltcr, C B , / Gii: Physiol , 1926-27, x, 541 



CALVIN B COULTER 


547 


tent of the whole serum over that obtained by dilution to 1 to 20 
alone, at pH 5 8 

This globulin preapitatcd most promptly from aqueous solution 
at pH 5 65 No fractionation of the protein was possible by variation 
of the pH of aqueous solutions If, however, NaCl m substance was 
added to the concentration of Isotomdty to an aqueous solution of 
the globulin, a precipitate was obtained which varied in amount and 
m time of appearance in different speennens and formed in a rather 
wide range of pH with an optimum near pH 5 0 It was often in- 
completely soluble in water at pH 7 0 to 8 0 
Preparations from two sera had a hemolysin content of 0 15 and 
0 63 per cent of that of the corresponding whole scrum The hemo- 
lytic activity of the globulm solution after the separation of the salt 
msoluble precipitate was found to be 1, 5, and 12 per cent greater 
than before its removal The salt insoluble fraction appears thus to 
act as antialexin, this property is destroyed by heating to SO^’C 
The nature of this fraction is uncertam It was at first regarded as a 
denaturation product, as desenbed 1^ Wu and Yen,** as a result of 
the hydnon concentrations to which the serum had been subjected 
lAtcr work with plasma suggested that it may be residual fibnnogen 
The hemolysin content of the solution which remained after 
dialysis was similar to that obtained with plasma, which is described 
below 

In obtaining plasma from immunized rabbits, coagulation was pre- 
vented by sodium atrate or potassium oxalate. On dilution of 
plasma with water, a flocculent preapitate consisting mainly of 
fibnnogen appeared at the optimal reaction of pH 6.4 to 6 1 
This fraction from a 1 to 5 dilution contamed 2.3 and 2-5 per cent, 
and from 1 to 10 dilution 2 6 5-5, and 6.5 per cent of the hemolysin 
of the coTTespondmg whole plasma. In carrymg out the titrations of 
solutions containmg fibnnogen it was necessary to make the imtial 
dilutions with water, to prevent fibnn formation The fibnnogen 
Itself in this fraction appears not to cany immune body the hemo- 
Ijrtic tatre after the separation of fibnn by imtial dilution m salme 
solution was the same within the limit of error in measurement, as 

** Wu, H. and "ien D / BuxJwru, 1924“25, iv, 345 
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■v\lien clotting was prevented by initial dilution in water Further- 
more, the presence of fibrinogen imder certam conditions depresses 
the apparent hemolytic activity of the immune protem, as found and 
descnbed below, with the second fraction of plasma 

Globulin and a second portion of fibrmogen were separated from 
the remaimng plasma solution by dialysis at pH 6 1 agamst dis- 
tilled water Thymol was added, and dialysis earned out at 5°- 
10°C for 3 to 15 days The greater portion of water-msoluble pro- 
tem flocculated m 48 hours, a further small amount, which was 
identical m its solubihty with the first portion, separated slowly 
dunng 15 days or more The preapitate, which appeared on dialysis, 
was soluble m water, and showed an optimum for flocculation from 
aqueous solution at pH 6 1 An hemolysm content of 33, 48 5, 48, 
62, and 68 per cent of that of the whole plasma was obtamed in this 
fraction Longer dialysis was employed with the later experiments, 
wuth resultmg increase in separation of hemolysm as indicated by 
the values which are given m the order m which the experiments 
were earned out 

The fibnnogen present m this fraction separated out as fibrm when 
NaCl was added to isotomaty to an aqueous solution Fibnn forma- 
tion took place at reactions between pH 8 0 and 5 6, with an optimum 
about pH 7 2 , separation was slow and three or more clottmgs were 
obser\'ed if each clot was removed as it formed Withm the limi ts 
of pH given, the formation of fibnn gel was most rapid and complete 
within certam concentrations of NaCl or CaCL, the limi ts were not 
preasely determined, but approximated isotomaty for NaCl On 
the aad side of pH 6 0 fibnnogen separated out as a granular pre- 
apitate which was greatest in amount at pH 5 0 to 4 8 Fractions of 
immune protem which contamed fibrmogen showed the greatest 
hemoljlic activity, when brought in sahne solution to pH between 
8 0 and 4 0, at the reactions optimal for formation of fibnn gel The 
presence of fibnnogen, possibly because of the form m which it existed, 
in solutions at other reactions appears to depress the hemolytic 
actmt} 

The total N assoaated with one hemolytic umt, of the usual value, 
was found with globuhn preparations freed from fibnnogen to be 
0 00038, 0 00034, and 0 00007 mg with three different specimens 
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The values are very close to those of Loche and Hlrsch^ for hemo 
lysm obtained by dissociation from specific combmatiom 
The hemolysin present in the plasma solution from which water 
insoluble ^buhn had been separated by dialysis vaned m\cr6ely 
with the amount recovered in the globulin fraction, a minimum of 
2 8 per cent of the total was found in a ^icamen which had been 
dialyzed for 15 days 

DISCUSSION 

The globulin with which hemolysm is associated appears to enst 
in plasma as an adsorption complex with fibrinogen, the latter detcr- 
mmes the optimal pH of flocculation from aqueous solution of the 
complex The conditions under which fibnnogen forms a fibnn 
dot, or gel, recall those found by Falk“ for gel formation by banana 
protem, m both cases gel forms only on the alkahne side of pH 6 0 
and within certam limits of salt concentration The relation of Ca 
to fibnn formation in the solutions studied is not as evident as in the 
case of banana protem, Ca is known to be necessary for dotting only 
m the first step, for which Wood Ca was available m these plasma 
preparations. 

The granular form in which fibnnogen separates from isotonic 
NaO solution at pH 5 0 to 4 8 suggests that a similar precipitate from 
serum protein solutions is residual fibnnogen Both fibnnogen and 
the salt-insoluble protem from serum carry down no hemolysin or 
only an msigmficant amount which may represent adsorbed globulin 
The depression of hemolytic activity by amorphous preapltatc of 
fibnnogen is perhaps due to adsorption of aleim 
Extraction of immime globubn preparations, with 8 to 20 volumes 
of 95 per cent alcohol at 0°C , caused a loss of at least 90 per cent of 
the immune body The evaporated residue of the aloohohe extract 
contamed both protem and hpoid, which neither alone nor together 
showed hemolytic activity At the same time, the hcmagglutinatmg 
property of the immune protein was found considerably intensified 
after alcohobc extraction The partial dcnaturation of the protem by 
alcohol destroys the hemolytic activity, which must depend upon a 
dificrcnt property of the protem from its agglutmatmg action 

» McGuire G and Falk K. G / Pkynol , 1921-22 tv 437 
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The water-insoluble globulin which was obtained by dialysis was 
found to contain both euglobuhn and pseudoglobuhn, defined as 
fracbons preapitated by one-third and one-half saturabon with am- 
monium sulfate Although the separation of pseudoglobuhn and 
imm une body from serum or plasma by dialysis at optimal pH was 
not complete, the present work confirms the view of Pauh and 
Adolf'’~^® that no distmcbon can be made between a water-soluble 
and a water-msoluble globuhn 

SUMMARY 

1 The water-msoluble globuhn with which hemolysm is assoaated, 
may be separated from immune serum or plasma by dilubon and 
simple dialysis at optimal pH 

2 This optimum m plasma is influenced by the presence of the 
fibnnogen 

3 Fibnnogen cames no immune body, or only an msignificant 
amount, when present m immune body solutions m other form than 
fibrm gel, it depresses the hemolytic activity The conditions for 
the formabon of fibnn gel are similar to those for the formation of a 
gel by banana protem 

4 The hemolybc activity is a more labile property of the immune 
protem than the agglutmatmg activity, hemolysm is desboyed, 
hemagglubnm shows an apparent mcrease, as a result of alcohol 
extracbon 

Pauli, W , Biochcm Z , 1924, clu, 355 

Adolf, M , and Pauli, W , Biocliem Z , 1924, clu, 360 

Adolf, M , Khn Woch , 1924, m, 1214 



“GALVANOTROPISM” OF ROOTS 

Br A* E. NAVEZ,* 

(Fforn the Lahomiory (jf Gmcral Physuthty, Harvard Unherrity, Comiridp ) 
{Accspud for puhlicatim Januorj 20 ^ 19ZT ) 

I, 

The galvanotropic onentation of animals may probably be used 
for analysis of certam features of central nervous activity ^ There- 
fore it IS necessary to obtain a conception of the mode of stimulation 
by passage of direct current In relation especially to the results of 
studies, m this laboratory^ and elsewhere, upon the conductance of 
plant cells, and because of the structurally simpler conditions of re- 
sponse, we have paid attention to the well known "galvanotropic 
curvature” of roots 

Every one mtcrcstcd m plant imtabihty has always considered the 
“golvunotropic response” of the roots as one of the most remarlqable 
facts descnbed Discovered by Elfvmg m 1882, the “galvanotropic 
response” was studied by MflUcr Hettlmgeu, 1883, Bnmchorst, 1884, 
Rischawi, 1885 , Ewart and Bayllss 1906, Schellenbcig, 1906, and in a 
rather long paper by Gassner, 1906 Indications are given also by 
SrQcs, 1913, and a general review of the subject can be found in Stem's 
book (1924) 

Based on all these observations, it is generally admitted that for 
high densities of current, or for long exposures, a curvature towards 
the + pole IS obtained (so called Elfvlng's curvature), that, on the 
other hand, for lower densities of current, or for shorter exposures, 

‘Advanced fdkmr Commiiaion for Rebcf In Bdgitnn, Edocatlonai Foimda 
bon 

J CF Croder, W J 1926 / £?c« Pkytioi ii, 395 

»Osteibont,W J V 1926 7 Gen , vili, 131 BDnfa, L R 1926 

The penneabHity and clecmcal condncUvlty of sinflle ceDs Thesh Harvard 
Dnlvenity Cambridge, 1926 
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“galvanotropism” of roots 

the curv^ature is directed toward the — pole (genuine “galvanotropic 
response”) This last is considered as a tropism, the first curvature 
being said to be purely traumatic 

The definition of the true “galvanotropism” of the root can be 
therefore expressed m the foUowmg manner It is a growth curva- 
ture, duected towards the cathode, located m the region of maxi- 
mum growth, irreversible by plasmolysis and requirmg the presence 
of the tip of the root 

The ongm of this curvature is naturally the real question For the 
explanation of this ongm several theones have been advanced Brun- 
chorst sees m the curvature an mjury by the electrolysis products, 
espeaally the H 2 O 2 that may be produced Rischawi considers the 
phenomenon similar to the electrosmotic water displacement m the 
albumm cj^lmders of du Bois Reymond’s experiments Ewart and 
Bayhss attnbute the response to chemo tropic stimulation by the 
products of electrolysis, all idea of traumatic curvature bemg excluded 
On the contrary, for Gassner the facts may be explamed as a trau- 
matic response of the orgamsm to a unilateral injury of the tip of the 
root 

In fact, to aU these explanations the same objection may be made 
the techmcal conditions were often too crude and, m a certam number 
of cases, too vague to be used adequately as bases for explanations 
For mstance, Ewart and Bayhss used platmum electrodes directly 
m contact with the plant In other cases, it is true, so called unpolanz- 
able electrodes v ere employed Others (Brunchorst, Gassner, Schel- 
lenberg) used carbon electrodes, often dippmg directly m the same 
hquid as the root tips but sometimes surrounded by a septum made by 
a porous plate For many cases the density of current correspondmg 
to the position of the roots m the trough is not known 
It as thought mterestmg for these reasons to reproduce these ex- 
penments, trymg always to avoid the errors pomted out 

The actual experiments were earned out keepmg m min d the fol- 
lowmg pomts (1) Reduction of polarization products by use of 
unpolanzable electrodes, (2) prevention of diffusion of the products of 
electrolj'sis by use of agar blocks, (3) gradient of densities of current 
easily controllable by use of troughs with definite geometneal shapes 
and sizes 
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n 

Tecitmque 

1 Trough 1 —Paraffine blocks were carved out following the mdi 
cations of Fig 1 These troughs are characterized by their variable 
cross-section, one end being a square of 5 cm of side, the other end 
bemg.2 cm X 5 cm The distance of these two sections is 25 cm and 
each ficebon is dosed by a block of agar gel The agar was purified 
agar which had been soaked in 2 per cent HCl for 24 hours, then m 
1 per cent ammonia for 12 hours, then subjected to running water for 
4S hours, all with frequent shaking After this treatment the water 
was more or less pressed out and the agar washed several tunes with 
distilled water, this bemg also used to make the gel, of which the con- 
centrabon was 10 per cent m dry weight of agar This agar gel is 
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Fro 1 The figure represenli Trough 1 la Trouf^ 2 the blocks of agar are 
omitted and replaced by porous plates In the verticil planes of the dot-dashed 
Hnes, 


poured m place, care being taken to oblam a plane surface at both 
ends of the trough (the real electrode surfaces) and cups being provided 
In each block for the electrodes These cups as well as the trough 
are filled to a definite height with tap water or with a balanced salt 
flolubou (diluted Knqp solubon) This hquid was removed imme- 
diately after each expemnent and the trough was washed for several 
hours by a conbnual flow of tap water 

2 Trough 2 — The other type of trough is sumlar, the differences 
being only in the replacement of the agar blocks by porous plates 2 
mm thick. 

3 —The electrodes used were carbon cylmders 2 J5 cm in 
diameter, a good contact being assured for the leads, or unpolansable 
electrodes, either calomel electrodes (employed m a few cases only, 
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the inner resistance being too high) or of zmc-zmc sulfate In this 
last case the electrodes, -which were kept in a concentrate solution of 
zmc sulfate, were rapidly washed before use under running tap water 
Furthermore, care Mas taken to have the same hydrostatic level in 
cups and electrode 

4 Current — The potential differences apphed to the electrodes 
vaned from 0 5 volts to 115 volts The density of current (accordutg 
to the position of the root in the trough) vaned from 0 058 ma /sq cm 
to 1 ma /sq cm The time of e-qiosure to the action of the current 
was changed between 15 mmutes and 360 mmutes 

5 Materia] — The plants used were Vicia faba (broad Wmdsor 
beans) and Pliascolus vulgaris (Burpee’s improved bush lima beans) 
The seedhngs -were grown m sawdust at 20°C and then roots were 
practically straight They were used when the length of the roots was 
4 to 6 cm In a few cases experiments were made -viith secondary 
roots mth the same results as ivith primary ones Normally the 
roots dipped for 8 to 10 mm in the solution 

III 

Results 

1 WTien Trough 1 is used alone, -whatever the p d or density of 
current may be, and -whatever the duration of the experiment (bet-ween 
15 minutes and 360 minutes) no curvature ever occurs 

WTien Trough 2 is used, with the same conditions, curvatures are 
showTi if carbon electrodes are used and always to-w^ards the cathode 

A test -was to put Troughs 1 and 2 m senes, as the objection could 
be made that the density or time was deficient under these conditions 
curvature appears m No 2, no curvature in No 1, so the ciurent and 
time of exposure were large enough to produce “galvanotropic” 
responses 

The immediate conclusion to be drawn from these e-qierrments is 
that “gah anotropic” curv'ature is produced by the products of 
electroh sis 

2 Was therefore the gah amc current necessary? Sets of seedhngs 
were put with the root dipping tor 1 cm m the water of Trough 2, 
lor 24 hours, after the current had been passed through the water for 
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2 and 4 hours. Care was taken not to move or disturb the water 
during or after the electrolysis 

The immediate result of this test was to show a shght but definite 
curvature — in fact less than when the current was acting directly on 
the seedhngs and practically not directed toward one pole or the other 
The angle of deflection of the tip of the root was about 15*^ to 20° 

If the same experiment was made, with the same conditions (carbon 
electrodes, 2 or 4 hours previous passage of current) with Trough 1, 
no curvature is shown 

This fact proves that the blocks of agar, 10 cm. m length, are suffi 
aent to prevent the diffusion of products of electrolysis or to slow it up 
so that they do not reach the middle part of the trough In tune to 
affect the seeds 

There is therefore a difference m the curvatures when current is 
present or absent hut the difference is merely quantitative 

We must for this reason recognize in the "galvanotroplc'^ curvature 
a double effect the first hemg produced by the electrolysis products, 
the second being the further increase of the first under the persistence 
of the electrical current 

The second test, showmg the mfiucnce of the electrolysis products is, 
in fact, suffiaent to show that the primary effect on the root is a trau 
mate one. 

3 Another way to show this was to injure the root before the expen 
ment and to place it then m Trough 1 If really mjuiy is the first step, 
curvature must occur under these conditions, with non polarizable 
electrodes And it does 

Roots were placed for 2 to 3 mmutes m a solution of copper nitrate 
n/ 100, then m Trough 1 filled with tap water The current was 
passed for 60 mmutes. The plants were left m place m the same liquid 
for 24 hours (as m all the other expenments) after the passage of the 
currenL At the end of this time a defimte cathodic curvature was 
shown 

Ebqienments made after immersion of the toots for 10 mmutes in 
the same copper solution did not give curvature 

Microcbemically it is ea^ to show that during the short exposure 
the two external layers of ixUs are permeated by the copper ion, and 
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that in the second case a much larger number of layers are injured 
The latter mjury corresponds practically to the kilhng of the root 
So, to produce the “galvanotropic” curvature m the absence of elec- 
trolysis products, the injury must be definite but not too large A 
certam amount of tissue must remam m the root to react The curva- 
ture IS m fact a response from injured but not dead tissues 

IV 

Interpretation 

How may we try to explain these facts? As was pomted out pre- 
viously the response must surely be developed m two steps (or more) 
Let us consider a root dippmg m the water between the two elec- 
trodes This body m the electrical field naturally repells the hnes of 
flow around itself, as we know that the hvmg cells are practically non- 
conducting for direct current But under these conditions there may 
be accumulation on the opposite sides of ions of opposite signs And 
this may be sufliaent to injure the epidermic layer of the root What 
are the ions which are so toxic? It may be said that perhaps any ion 
present in the solution used will act m this way 

In a root of circular cross-section we may thus consider two oppo- 
site halves in the epidermic layer, both mjured and probably with a 
number of the cells killed, and acting for the remammg part as two 
electrodes directly apphed on the mtemal tissues These electrodes 
determme, mside of the root, an electncal field, the conducting paths 
being made by the cellulosic membranes imbibed with aqueous solu- 
tions The resulting electrolysis acts now on more deeply situated 
cells 

The produced ions are formed in such loa that they may act directly 
on the plasmatic surfaces, mducmg in these such changes that the 
relative dielectncal resistance dimimshes and that free ions may im- 
grate m or out of each cell The result is necessarily that under the 
directing action of the electncal field, m all cells through the root, 
chains of + and — charges are formed, each cell havmg a -f charge 
on the cathodic side and a — charge on the anodic side The perdura- 
tion of the current continues the same action m the same way and 
causes finall> a relative increase of anions on the anodic side and of 
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cations on the cathodic side The two halves of the root are 
brought, by this process, to be lonically different The early effect 
of the anions on the anodic side seems not to prevent growth The 
relative accumulation of cations, on the contrary, slows the growth 
on t?ie cathocCc side, and by further increase stops it completely 
The effect of this differential state is a bending towards the cathode 

V 

In the carher papers on galvanotropism another type of curvature 
has been described, the so called Elfving^s or anodic curvature. With 
the device described m the present paper it has always been impos- 
sible to obtam this effect, even when the root was deeply dipping In 
the water We may draw from this fact the deduction that In the 
cases desenbed, with very high densities of current, other factors 
were interfering 

The same can be said as to the ^'-shaped curvature described by 
Gassner when more than the Up of the root dips Into the liquid m the 
present conditions of experimentation no case ofthlsbendmg was found 
Is It therefore to be deducted that this type of curvature docs not 
exist? No, probably; but that under the conditions of eiqicnmenta 
tloD, msuffiacntly described m the papers to which reference is made, 
other effects are occurring Other experiments are necessary to ascer- 
tain the conditions of production of these curvatures, as well as the 
change in conductance of the tissues showing or not showing these 
reported curvatures 

stnniAR-v 

1 New expenraents, made in such a way to eliminate at completely 
as possible products of polarization and the migration of such products 
when formed, have shown that the exhibition of galvanotropic 
curvature m roots is mainly dependent upon such products, smee no 
curvature appears when they are excluded. 

2 The polarization products injure the external layer of cells of the 
root this allows these cells to act as electrodes directly applied on the 
mtcroal tissues The mner electrolysis produces such changes in the 
interior cells that they may be considered as becoming lonicnlly differ 
ent This differential state is responsible for curvature 
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3 “Galvanotropism” of roots, therefore, cannot be regarded as 
exactly comparable to the galvanotropic onentations of certam 
animals, but is essentially dependent upon mjury 
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THE FREE ENERGY OF NITROGEN FIXATION BY LIVING 
FORMS 

Bt dean BxmiL 

(frcm ike DiVisum of Plant Nuirtilon, VnmrsUy ef CcUfomia^ Berkeley ) 
(Acccpled for pubUcatltm^ January 14, 1927 ) 

The view point that energy is required for the fixation of nitrogen 
by the vanous forms of life seems to be generally taken for granted 
among biologists 

It 13 the purpose of this paper to present evidence of a sfanplc thenno- 
dynamic nature against the soundness of this current conception It 
will mamtain that, contrary to the current view, energy may not be 
required for fixation, and that moreoAer, m fixation coilsidcrabJe 
energy ma> be released and placed at the disposal of the organism 
In contending for a position so plainly the reverse of the old, important 
thennal data wiB be used which has been obtamed only m the last 
decade 

This paper, as so many others, is indebted to Lewis and Randall* 
for most of tbe free energy values and conventions to be used Unless 
jt 13 otherwise stated, the temperature of aD the reactions ated is 
25®C The heat of reaction and the free energy of reaction will be 
negative when heat and free energy respectively arc HberstetL 

Nitrogen fixation may be defined as the pmnaiy step or steps in 
the formation of a simple mtrogen compound such as ammonia or 
nitrate from pure elementary mtrogen It is to be distmguishcd 
from later changes m which ammonia and nitrate are formed one 
fn>m the other, and also from the buildmg up of higher compounds 
wth carbon When an organism once forms a snnple compoimd 
from elementary nitrogen, the energy relations are those which would 
exist were it to be supplied with such a simple compound and we 
must discnnmiatc between the energy of mtrogen fixation and 
that of mtrogen metabolism 

* G N tad Rindall >L Th(uiiK>dvDai£dca, New York J*t edition 1923 
559 
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The standard free energy, AF^, of the reaction 

1/2 N,(gas) + 5/4 Oi(gas) + 1/2 H.O(liquid) = HNOi(aqueou5) 

IS a small positive value, showmg that at standard conditions this 
reaction is not spontaneous and will proceed only with the addition 
of free energy At standard conditions all the reactmg substances 
have imit activity, that is to say, the gases have fugacities of one 
atmosphere (for the present calculations theix pressures may be 
considered equal to their fugaaties), the water is pure, hqmd, and at 
atmosphenc pressure, and the concentration of the mtnc aad is at 
the hypothetical 1 molal Let us now calculate the conditions m the 
plant when the above reaction will proceed without the addition of 
free energy, that is to say, when the free energy, AF, will be negative 
Avoidmg immeldy overrefinements, let us consider as appropnate 
approximations, the pressure of nitrogen, 8 atmosphere, the pressure 
of oxygen, 2 atmosphere, the plant sap to have the same activity as 
pure water, and the activity of the nitric acid formed to be unaSected 
by the vanous foreign substances m the sap 
The standard molal free energies of nitrogen, oxygen, water, and 
nitric acid are respectively 0,0, —56,560, and —26,500 (calones) 
Hence m this reaction AF° is 1780 Now, 

= -RTlnK = -1364 qiogX 

log K = log (HNO, (aq ) / (Nj) 5 (0,) *) = -1780/1364 9 = -1 304 Or, X = 0497 
activity HNO, = i: X ( 8)1 X ( 2) 5 = 0067 

r rom the table containmg the activities of nitric aad at vanous con- 
centrations this value corresponds to a concentration of just 1 M 
This means that, assummg the plant can catalyze the reaction, ni- 
trate wnU form m the plant with the liberation of free energy so long 
as Its concentration remams below 1 M or 6200 parts per million by 
w eight At this pomt AF no longer has a negative sign but is equal 
to zero, since this is the equilibnum concentration 
The heat of the reaction is —49,100 — (—68,310/2) = —14,940 
Owmg to the fact that the plant sap rarely if ever reaches a concen- 
tration of 6200 ppm , for every mol of nitrate which forms from air 
and water accordmg to the above equation there are 14,940 calones 
of heat (not work) liberated for partial use as chemical energy The 
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more dilute the concentration at which the nitrate is formed the greater 
IS the amoimt of available work (not beat) placed at the plant*s 
disposal Since nitrate m the plant sap is removed soon after its 
appearance, its conccntratian probably never rises much aboae, let 
US say, 001 u If we assume a maximum concentration (r e station 
ary state) of mtrate m the plant sap of 6 ppm or 0001 ii, and that 
the activity coeffiaent at this concentration la unity, then the follow 
mg calculations show that the free energy is — 7870 per mol of nitrate 
formed 

K - (X00l)>/tS)*U)'- 8.6X 10^ 

+ 1780+ ISAlil (-7 07) - -7870 

SuniloT calculations show that after malang the permissible assump' 
tion that the heat of the reaction would not change significantly under 
conditions of such extreme dilution, the free energy of the reaction 
would equal the heat of the reaction, —14,940, that is to say, the 
process would be 100 per cent efficient, when the concentration of 
nitrate was 7 X 10“* ii or 4 ppm In the sap of some plants this is 
the highest concentration to be fountL Indeed, m studies by Hoag 
land and Davis with the sap of Nttdla cells it was found that, although 
the pond water m which NtteUa was growing contained about ^ ppm 
of nitrate, the cell sap contained no detectable amount If this small 
concentration of mtrate results from the rapid use made of nitrate by 
the cell, it is evidence of how effidentiv the fixation of nitrogen may 
be accomplished Oimparison of the free energy (—7870) at a 
mtrate concentration of 6 ppm with the free energy (—14,940) at 
the lower concentration of only 4 ppm shows how quickly the free 
energy mcreases as the concentration of nitrate decreases 

A atation from Lewis and Randall* wifi illustrate the significance 
of this reaction “It is to be hoped that nature will not discover a 
catalyst for this reaction, which would permit all of the oxygen and 
part of the nitrogen of the air to turn the oceans into dilute mtnc 
aoffi” 

Although foreign to the discussion of mtrogen fixation, it might 
be remarked that the energy needed for the reduction of mtrates 
following their fixation may be suppbed by radiant energy in the case 

* Lewis and Randall, p 568, 
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of higher plants In legummous plants, should the nitrogen-fixing 
bactena produce nitrates, they might release these mto the sap where 
they could be earned to the leaves and reduced by sunhght at no 
energy expense to the organism 

It will be noticed m the foregomg equation that oxygen gas is re- 
qmred as a reactant Does the equation for this reason fail to serve 
for anaerobic orgamsms, such as Closlridinm, which can fix nitrogen 
in the absence of oxygen? We may escape this conclusion by postu- 
lating the formation of oxygen gas incidentally to some other meta- 
bohe process, a feasible supposition m absence of data known to 
preclude a small but contmuous production of this gas dunng fixation 
A contmuous and restricted production of the gas may occur and 
yet escape detection, owmg to the immediate use made of it by the 
organism The fact that, if such a source be supposed, the activity 
of the oxygen m the equilibrium constant would be reduced, would 
affect the conclusions at issue only as regards quantities mvolved 

Against the value of this possible source of oxygen as support for 
the mam contention of this paper, it may be objected that, assummg 
the production of oxygen gas under anaerobic conditions, would not 
energy be required for its production, and so leave on hand the same 
occasion as before for assuming an energy requirement for the fixation 
of nitrogen by anaerobes? 

Admittedly, an exammation of the score of available free energy 
data of orgamc compounds conclusively suggests energy requirement 
for the production of oxj’’gen A striking and obvious case is found 
m the reaction of fomuc acid to yield oxygen and formaldehyde, the 
standard free energy havmg a positive value of about 60,000 calones, 
an enormous amount when considered relatively to the free energies 
of either of the compounds, vhich are, respectively, —87,920 and 
—30,000 (approximately) And in general this behavior might be 
expected from most if not all organic compounds However, there 
might be exceptions, since such morganic exceptions can be found 
In the reaction of HBrOj to jneld HBrO and Oj, 14,280 calories of 
heat are hberated and the standard free energy amounts to —21,980, 
and there are se\ eral morganic reactions sunilar to this one, which is 
gi\en merelj as an example of possibihtj but not vnth a view to 
apphcation Hydrogen peroxide is another example and the yield 
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of free energy u even larger than in the case just ated There might 
be orgamc peroxides with a similar behavior 
However, in anaerobic processes oxygen need not be considered 
The production of aqueous ammonia from nitrogen and hydrogen is 
attended by a negative standard free energy change of 6300 calones 
and a negative heat of reaction of 20,300 calones This exothermic 
and free energy yielding production of ammonia resembles that of 
nitnc acid, and a similar correspondence holds between the effects 
which result from the fonnation and removal at high dilution of the 
two compounds ammoma and mtne aad 
Out of cunosity let us glance at the standard free energ) which 
would be yielded if oxygen were present also If the reaction pro- 
ceeded accordmg to 

1/2 N.(g ) -I- 5/2 + 1/2 0,(g.) - ) 

rather than m the manner above, 

1/2N^) + 3/2H^)+H^ -NH^HOui) 

the standard free energy would be —62,860 as against the former 
—6300 This is a great macase, owing for the most paxt to the fact 
that oxygen of water as a reactant is replaced by oxygen gas In the 
same way m the aerobic fixation of mtnc aad if hydrogen were present 
makmg the reaction proceed 

lA N.(b) + 1/2 Ht(g ) -t- 3/2 Oi(g ) - HNO, (aq ) OF* -26,500- AH -49 100- 

then a great deal more free energy would be evolved than in the origmal 
case discussed 

In these reactions the need for hydrogen production might be 
satisfied from several mdependent sources with no expense of free 
energy by the organism 

In anaerobic processes hydrogen is often an cud product madental 
to metabolism, and woifld waste if not conserved m fixation 
In both aerobic and anaerobic metabolism many reactions, more 
particularly the breakdown of orgamc aads, may proceed sponta- 
neously to yield both hydrogen and energy For example, 

HCOOH(«i ) - CCWg ) -f H»(8 ) AT - -6M0 
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It may be argued that the organism sustams a net potential if not 
actual loss of energy when the reaction proceeds m this manner, 
rather than hy combustion, when 61,000 calones of heat are yielded, 
whereas m the reaction cited the heat of the reaction is approxunately 
zero To this objection it is enough to answer that if no oxygen were 
present this energy could not be yielded But assummg an occurrence 
of oxygen, then smce the heat of combustion is less by some 40,000 
calones than the heat of formation (—101,000) there results a ventable 
gam of energy upon replacement of the HCOOH molecule To 
object that the HCOOH molecule is not replaced under certam condi- 
tions IS unwttmgly to concede that imder these conditions HCOOH 
IS a waste product Were HCOOH denved from glucose and oxygen 
gas, mstead of from its elements, the difference between the heats of 
formation of I mol of glucose and 1 mol of HCOOH, that is to say, 
the ventable gam of energy, is still larger than the value 40,000 calones 
by 10,000 calones And if the glucose were denved from carbon 
dioxide and water, mstead of from its elements, then an enormous 
amount of energy is reqmred for fixation providmg that (1) it is not 
fixed as HNOa, (2) it is fixed as ammonia, the hydrogen coming solely 
from the glucose (or ultimately from the water), (3) the mteimediate 
product IS not a waste product In terms of standard free energy, 
65,900 calones are required at a pH of about 5, mcreasmg as the sap 
becomes more alkahne, to a value of 78,500 The free energies would 
differ relatively little from the standard free energies (approximately 
10 per cent) Such a reaction will be referred to later m discussmg 
a paper by Linhart 

There are several organic aads whose heats of formation are greater 
than their heats of combustion, even greater than in the case of 
HCOOH These acids are often the end and therefore waste products 
of anaerobic metabolism, not to say of aerobic metabohsm Indeed, 
Stoklasa’ reports finding formic, acetic, butync, and lactic aads m 
pure cultures of Azotohactcr, an aerobic form In these same aerobic 
cultures hydrogen gas was evolved 

Surprising as it may perhaps seem, an additional source of hydrogen 

’ StoUasa, J , C(ntr Baht , 2 Abt , 1908, xn, 506 
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gas is the atmosphere According to Spoehr,^ the atmosphere con 
tarns 01 per cent by volume of h)^drogen That this estnnate is 
mentorious, and in addition one which vanes Uttle, is indicated by a 
summary of the experimental deteiminationa given by Mellor ‘ The 
estimates of vanous mvestigatora range from 019 per cent (Gautier) 
to 003 per cent (Rayleigh), the majonty falhng near the mean of 
these two values In the following discussion the value of 01 per 
cent will be used This particular value can hardly mislead since 
the probable variation from it has been mdicated 
This concentration of hydrogen, instead of bemg small, is about 
equal m volume to the carbon as carbon dioxide m the atmosphere 
By weight the ratio of hydrogen to carbon is 1 to 6 The correspond 
mg ratio by weight m either proteins, carbohydrates, or fats Is 
from 1 to 6 to 1 to 8 In bacteria* it is about 1 to 8 The quantities 
by weight of carbon and hydrogen m the atmosphere can therefore 
be considered equal when Judged by the needs of the plant 
The following calculations will call attention, with the great sug 
gestiveness of free energy calculations, to the potential importance of 
atmospheric h)^drogen for plant metabolism, and m particular, for 
nitrogen fixation 

The equilibnum concentration of ammonia which might form 
from the nitrogen and hydrogen of the atmosphere, with the assist 
ance of catalysts, is .2 ppm m alkaline sap 

K - -63W/-1364.9 - 4 65 
log JT - lot (NBUOHfiq )/(N0 * (HO • (HiO)) 
acUvityNH/)H(aq) - ^ X (^)i(0001)l- 4 X 10*^ m - 2 ppm. 

This value of 2 ppm corresponds to the equilibnum concentration 
of 1 M for mtnc aad When hydrogen is also used to form mtnc 
aad according to the equation 

1/2 Ni(g ) + S/2 H,(g ) + 3/2 0,{g ) - HNCMaq ) 


• Spoelir H. A. Photosynthcdi American (Chemical Society Monograph Series 
New York 1926 36 

• Mellor J W Comprehensive treatise on Inorganic and theoretical chemistry 
London, 1922 i 

• Ruaell E. J The microorganisms of the soQ London 1923 39 
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the equilibnum concentration of nitrate is 16 m or 10,100 ppm , an 
mcrease of 60 per cent 

The equilibrium concentration of bases will be raised by a greater 
hydrogen ion concentration while that of aads will be raised by a 
lesser hydrogen ion concentration Thus m the equation 

1/2 Ni(g ) + 3/2 Hi(g ) + H+ = NH4+, AF" = -18,930 

if the sap IS assumed to have a pH of about 5, the equdibrium con- 
centration IS raised to 6 ppm , a threefold mcrease over that in 
alkalme sap 

In passmg, it will reward us to suggest how this large amount of 
hydrogen m normal air might play a r61e m the carbon dioxide assimila- 
tion of aerobic forms For mstance, if the hypothetical assimilation 
reaction 

CO,(g ) + H Od) “= HCHO® Oj, AF* = 122,000 
V ere to proceed 

COi(g ) + H,(g ) = HCHOO) + 1/2 Oi, AF'’ = 66,000 

the standard free energy required for the fixation of carbon dioxide 
n ould be halved In this case it is important to determme the actual 
free energies, since the activity of the hydrogen gas is but 1 /10,000 
that of water At a concentration of HCHO of 1 part per milhon, 
ailculations show that there exists a negligible difference (2 per cent 
and 5 per cent) between the free energies and the standard free 
energies For two reasons this might have been antiapated, the 
standard free energy values are very large, with the exception of 
oxygen all the substances occur to their first powers m the activity 
coefficient 

WTiile we need hardly resort to the last named equation to explam 
carbon dioxide assimilation by higher green plants, m view of the 
ci\ erw hchnmg e%ndence to the contrary which has accumulated since 
the tune of Joseph Pnestley, it may well be that those organisms, 
such as the sulfur bactena, demtrifiers, hydrogen fixers,’' elementary 
carbon fixers,® and others, w’hich reduce inorganic forms of carbon 

* Kascrcr, H , Ccrtr Baht , 2 Abl , 1906, xvi, 681 

’Potter, M C,Proc Rcy Soc London, Series B,\9Q?>,h:xx,2i9 
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without the Old of radiant energy, derive their energy not solely by 
the ondation of n on-carbonaceous substances with oxygen gas, but 
partially, at least, by the reduction of COj or other substances with 
hydrogen gas In the same speculative vein it mav be suggested that 
there is some degree of identity between those organisms which can 
fix nitrogen and those oigamsms which can utilkc hydrogen 
It has now been shown that mtrogen can be fixed both exothermi 
callv and with the yielding of free energy either as ammonia or nitrate 
m aerobic processes and at least as ammonia m anaerobic processes 
Some may think that m nitrogen fixing organisms the sunple com 
pounds like ammonia, nitrate, and others are never produced directly, 
and that what occurs is always the immediate formation of higher 
compounds with carbon In other words, the plant may never be 
able to take proper advantage of the energy yielded by simple fixation 
If so, and if energy can be plainly shown to be necessaiy for the ar 
rangement of nitrogen mto higher compounds, then there would be 
great reason to accept the view now held so widely, that energy is 
essential for the fixation of nitrogen 
To this a rgum ent which on the surface appears to carry weight, 
there are several objections The author feels it advisable to enter 
rather fuHy mto these 

First, physiological chemistry supplies no evidence which makes it 
probable or improbable 

Second, the formation of complex compounds from the snnpler 
takes place very generally with the hTieration of energy 
Third, to suppose that complex mtrogen compounds like ammo 
acids can be formed m no more than one step would be contrary to 
the present prmaples of organic chemistry To say the least, a very 
high (if not unheard of) order of reaction would need to be supposed 
to brmg the direct formation of these compounds m keepmg with our 
present information 

Fourth, leaving aside the question of an energy requirement m 
the formation of higher comp<^ds from mtrogen gaa, it is nearly 
cextam that energy is not essential for their formation from ammonia 
Appearance in this instance must not pass for fact The eneigy 
needed to form the higher compounds may be the sum of endothermic 
dianges of the carbon molecules and exothermic changes of the mtro- 
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gen molecules, to use a distmction not permitted at present m talking 
of organic compounds If tliis should turn out to be true, then to 
say that the average of nitrogen changes requires energy would be 
hke saying that after an assistmg engme had been fastened to the rear 
of a freight tram and was actually aidmg its motion, the freight tram 
required power to pull the engme along It is subsequent changes of 
the carbon molecule rather than of the mtrogen molecule that should 
mvolve considerable changes m energy levels, owmg to there bemg a 
greater range of valence change 

Fifth, an analogy to the energy change m the formation of higher 
nitrogen compounds may be found m the energy change when a simple 
non-nitrogenous carbon compound of high energy content condenses 
to form a carbohydrate, and without question the average free energy 
change of this sort is small, and of a negative character We have 
the promment instance of 6 molecules of HCHO polymenzmg to form 
1 of glucose The heat of formation of HCHO accordmg to 

C(diam ) + Hsfe ) + 1/2 Oi(g ) = HCHO(g ) 

has been determmed only qmte recently by von Wartenberg and 
Lcmer-Stemberg® to be —27,800 The heat of formation of glucose 
is —302,000 From this w^e see that about 150,000 calones are 
hberated dunng this polymenzation, an enormous amount which 
approximates one-half the heat of formation and one-quarter the heat 
of combustion of glucose The conclusions are not different when 
free energies are considered m place of heats of reaction Certainly 
the standard free energ}"- of HCHO would be only a trifle different 
from the heat of formation of HCHO, but let us assume that these 
are equal The value of the standard free energy of glucose has been 
determmed from unpublished calculations by the author to be 
—219,700 The calculations were made by the entropy method with 
the use of the \eTy excellent specific heat data contammg thirty 
experimental pomts on a temperature scale which ranged from 19 1° 
to 287 2° absolute, obtamed by Simon Consequently m the polymen- 
zation reaction, Al^ is about —72,000 In the plant the substances 

* %oa Wartenberg, H , and Lcmer-Steinberg, Z Ang Chem , 1925, xxsvui, 591 

’ Simon, F , ^1 ri , 1922, b:\Tii, 241 
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would hardly bo in their standard states, but this value gives a good 
Idea of the magnitude of AF when the reaction takes place m some- 
what concentrated solutions However, since there arc six reactant* 
to one resultant, the concentration of HCHO need not be very dilute 
before AF would become positive, m which case, true enough, energy 
would be needed for polymerization In every mstance of polymeriza 
tion or condensation the effect of dilution is the same, that is, the 
greater the dilution the more positive docs aF become But the 
plant can very simply overcome this by removing the end products 
so promptly that AF would be negative, and presumably this occurs 
Thermodynamics cannot testify that the organism docs this, but the 
very fact that the greater number of reactions in plants go merely 
with the aid of non-cncigy-supplying enzymes or catalysts, strongly 
supports the view that the plant must carry on its reactions at con- 
centrations where free energy would not be required 

Sixth, the standard free energy of formation of a higher compound 
of nitrogen, carbon, hydrogen, and oxygen Is known For urea, 
Af* is —47,280 Thus a great deal of free energy is yielded m the 
formation of this higher compound When urea is formed, not from 
Its elements, but from two simple compounds, as m the equation 

CO,(iq) + 2NH,(*q) - nrttfwi ) -f H<OCI) 

AF^ is 5030, mdicating that at standard conditions free energy is 
required However, so long as urea is removed rapidly enough, then 
no matter how dilute the concentration of the reactants, the reaction 
will require no free energy This particular reaction is typical of 
the reactions which ammonia may undergo with another compound 
to lose water, and chows that probably the standard free energy 
change m such condensations is small Yet even assuming that this 
reaction when it occurs in a plant is at such a concentration as to 
require free energy, the free energy required m that event might well 
be drawn from a supply mddentally provided during tbe fixation of 
mtrogen into ammonia, and so tbe total free energy expended still 
remain negative 

Rctummg to the thermodynamic argument, there are other reac- 
tions for the free energy yielding fixation of nitrogen HCNO (aq ) 
has a standard free energy of —29,000, urea, —47,280, and HNOi(aq ), 
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— 13,070 These compounds may spontaneously form on condition 
that hydrogen gas is a reactant Were the hydrogen, and therefore 
part of the oxj'gen, denved from water, as m the case of mtric acid 
discussed ongmally, then nitrous aad would be the only compound 
not requinng free energy for its formation, and this would be the 
case only at qmte high dilution In the cases of C 2 N 2 (g), CNI(s ), 
HCN(aq), NO(g ), NOCl(g), N02(g ), N20,(g), and N20Cg ), the 
standard free energies are positive Accordmgly, energy would be 
reqmred if nitrogen is fixed as hydrocyamc aad, or as any of these 
substances Smce for assimilation, however, these fixed forms would 
be changed by reactmg with water, to either an a mm onia form or a 
nitrate form, the net result would be a yieldmg of free energy For 
mstance, m the reaction 

HCN(aq ) + HiO + 1/2 O^Cg ) = Ng,(aq ) + CO,(aq ) 

AF° is —73,510 The standard free energy of formation of HCN is 
27,520, consequently the net result of fixation is —45,990 

It would be profitable to consider a fixation reaction which has been 
the source of some confusion The reaction for the hydrolysis of 
nitrogen by v ater, 

Nj(g ) + 2 H,Oa) = NH^NO, 

has a positive standard free energy of 85,690 Lewis and RandaU 
(1923) have calculated from this that a pressure (fugacity) of nitrogen 
of about 10^^ atmospheres would be required for ammomum nitrate 
to be formed at an equihbnum concentration of 10~^ m G Oddo“ 
had measured (1915) the ionization of water m air He found it 
surpnsmgly large and concluded that a considerable amoimt of 
KEItNO- should be formed by the hydrolysis of nitrogen Calcula- 
tions show that he confused mechanism mth equihbnum Even 
were the vater completeI> ionized, and 2 H+ -f- 2 OH~ substituted 
for 2 H;0 m the abo\e equation, the pressure of nitrogen required 
would still be 10=^ atmospheres Lmhart,** ^as among the first 
to appl\ free energy data to biological problems, attempted to deter- 
mme the cfiiaenc) of nitrogen fixation by Azotohacier From analogy 

“ Oddo, G , Gazz cl im tial , 1915, xlv , I, 395 
LmBart, G \ ,J Ga Pk%stoI , 1919-20, u, 247 
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with somewhat related compounds, he made an elaborate calculation 
of the standard free energy of mannite, which was at that time un- 
known, even approximately In seemingly arbitrary fashion he used 
the above highly endothemic and free energy demanding hydrolysis 
reaction (except that NHiOH (aq ) was the resultant) While the 
free energy data of mtnc aad and ammonia may not have been 
available at that time, the heats of reactions as approximations might 
have been considered Of all the possible fixation reactions he may 
have correctly chosen the one employed by Aeatobacier This hy- 
drolysis reaction possesses a large positive free energy because oxygen 
gas IS not among the reactants Falk and McGec^* have ob tamed 
evidence that this hydrolysis reaction takes place to some extent in 
the presence of metalhc mm, which they say they beheve supphes 
the energy Their evidence is not very extensive The reaction 
goes appreciably m the electnc arc, smee only a few volts are needed 

There is experimental confirmation of the contentions m this paper 
Workers on the nitrogen fixin g bacteria have themselves hesitated 
to deny that the wide ratio (of at least 1 to 50) of the mtrogen fixed to 
carbohydrate available might be narrowed were it possible to provide 
the organisms with more favorable conditions of environment While 
experiments m general have not suggested that this ratio may be 
narrowed, Tnififaut and Bezssonov” now present evidence that m the 
presence of mtrogen fixing bacteria com develops normally and 
reaches matunty m mediums devoid of orgamc mtrogenous matter, 
and that the ratio of the carbonaceous material excreted by the roots 
to the nitrogen fixed approaches 1 to 1 Some of the carbonaceous 
material would certainly serve to supply the carbon requirements of 
the organisms, m thL«; way reduemg the amount available for the 
supposed energy need m mtrogen fixation And so, it is not at all 
obvious that the carbonaceous excretion fim chons as a source of 
energy Smee the carbonaceous excretion would con tarn about 40 
per cent carbon, the ratio of excreted carbon to nitrogen fixed is only 
narrower It is to be noted that in these experiments, m which 
accordmg to the authors the fixation was probably done by anaero- 

»Falk K-G, and McGee, R H. CMan and l/c/ok £«x , 1923, xiix, 224- 
TniSaut G and Bawonov N Sc Soi, 1925 iv, 3-53 
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bic organisms (t e Closlndtum), no sugar or carbohydrate excretions 
could be detected, but only organic aads (t e mahc) The organic 
aads are preasely the substances some of which yield hydrogen with 
the hberation of free energy, as would be required were the equations 
presented m this paper to be employed 

There is strong evidence'® tha-tAzot^bacter fixes nitrogen as ammonia 
StiU more relevant is the recent extensive evidence of Christensen- 
Weniger He finds that the process of fixation by the nodule bac- 
tena of several speaes of legumes is exothermic or nearly so The 
energy requirements of the nodule bactena were not met with by 
mcreased assimilatmg powers m mtrogen-fertilized legumes Whether 
some of the mtrogen was supphed as fertilizer or some by fixation, 
the final dry weight was almost the same and from the small excess 
of growth m the fertdized plants he was able to fix the upper limi ts of 
the energy supply He found the eventual requirements for the 
nodule bactena so small as to be unimportant He was qmte aware 
of the exothermic heat of formation of ammoma 
If the nitrogen were fixed by the bactena as nitrate, which might 
then be reduced in others parts of the host plant by means of radiant 
energy, this nnght m a measure explam the seemmgly less efficient 
assimilation of nitrogen by the nodule organisms m pure culture, 
smce there they would need more energy to reduce the mtrate 

SUMMARY 

Fixation of nitrogen even with hberation of energy or free energy, 
will take place if either oxygen gas or hydrogen gas, or other sub- 
stances, espeaaUy gases, whose standard free energies are close to 
zero, are mvolved to form either nitrates, ammonia, or cyanide, not 
to speak of still other compounds It has been pomted out that there 
are tvo and only two general conditions where mtrogen fixation can 
require energy These are, first, if nitrogen reacts with some com- 
pound like water mth an already high negative free energy of forma- 
tion and where negligible oxidation of nitrogen would occur, second, 

Ko3tj-schei\ , S , R>'sLaltschul, A , and Schwezowa, O , Z physiol Chem , 
1926, cli\, 1 

'' Christensen-W eniger, F , Cenlr Bakl ,2 4bl , 1923, Iviu, 41, Chcm Ahslr , 
1925, ns, 2509 
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if the plant docs not take advantage of working at concentrations 
where the process would yield free energy 

If nitrogen fixation is exothermic and free energy yieldmg, how is 
the carbohydrate requirement of nitrogen fixmg organisms to be 
mtcrpreted? Are the experimental determinations of the carbon to 
nitrogen ratio purely amnnstantial? Is further hope given to those 
who may experimentally try to narrow this ratio to where the carbon 
used is only for the carbon requirements of general metabolism, ex- 
clusive of fixation? Do not hypotheses cohceming the fixation of 
mtrogcn m the evolutionary process, which arc based on the concep- 
tion that energy is required, lose some of their significance? Does it 
not suggest that perhaps fixation Is far more muveraal than is sup 
posed among hving forms, particularly among the higher green plants, 
and thereby give encouragement to those who may wish to demon 
stratc this experimentally? Does it not indicate that perhaps the 
function of fixation is often to obtain energy for use In general metab- 
olism? Is the general carbohydrate metabolism of the fixation 
forms to be regarded as being merely extremely meffiaent? Or most 
suggestive of all, is the carbohydrate servmg some unobserved 
function? 

The author wishes to express appreciation of cntiasm offered by 
Professor G N Lewis, Professor G E Gibson, Professor C B Lip 
man, and Professor L G M Baas Becking 
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INTRODUCTION 

WTien the different investigations on membrane potentials are taken 
into consideration, it seems that the theory of these potentials may 
be treated in three different ways We may distmguish (a) phase 
boundary potentials, (6) mixed electrode potentials, (c) diffusion 
potentials. 

The first theory assumes that the potential difference of each aide 
of the membrane against the adjacent solution consists of a jump (a 
sudden, almost discontinuous fall or rise) of the potential at the bound 
ary of two phases, the hquid being the one phase and the substance 
of the membrane acting as solvent for electrolytes bemg the other 
The differences m the tendency of distribution of each smgle Lind of 
ion between the two solvents which are m conflict with electroneutral 
Ity, produce the potential differences This theory, first developed 
bnefiy by Nem3t(l) and thereafter thoroughly elaborated theoretically 
and experimentally by Haber(2), has been appUed to biological mem 
brancs by Beutner(3) The latter author also foimd different models 
in which he assumes the same mechanism, and at the same time, 
assumes that no essential part of the p d observed is produced within 
the membrane itself He could reproduce membranes the potential 
of which depends on the concentration of any cation dissolved m the 
adjacent solution, and docs not depend only on the concentration of 
one particular ion, as is the case with metallic electrodes and with the 
glass membrane, at least m certain kinds of glass sudi as Haber and 
575 
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Klemensiew icz(4) used in their investigations Beutner’s assumptions 
meet the following difficulties In general, it can be shonm that a 
membrane consisting of a water-immisable phase and behavmg as 
a solvent for the dissolved substances, cannot give any appreciable 
“conconcentration effect,” that means any appreaable p n when 
placed between tv o solutions of one electroly te m different concentra- 
tions(5) In order to explam that such effects are brought about none 
the less, Beutner has to assume that in the oily phase there is a 
small amount of a weak aad (eg a trace of sahcyhc aad m sahcyhc- 
aldehyde), which is scarcely soluble m water, and that such a weak 
aad dissoaates m the oil very strongly, hke a strong aad or a salt, 
so that the reaction (wntten in terms of salts, not of ions) 

salicylic acid + KCl ^ K salicylate + HCl 

vill proceed amply in the direction — while it is known that this 
reaction m aqueous solutions practically goes on only in the 
direction This assumption is necessary for Beutner’s theory, but 
the experience of the last decade does not at all confirm such a be- 
ha\nor of v eak acids in oils 

The second theory may be apphed m such cases where the membrane 
has the character of an electrolyte-hke substance (e g sihcates, such 
as glass, permutit) One of the ions of the membrane substance may 
be an inert or “colloidal” ion such as the sihcate ion, while the other 
ion which happens to be combined vnth the sihcate (eg Na) shows 
what may be called an electrolytic tension towards the solution, 
like a metalhc electrode This ion, which forms a component of the 
solid sihcate, may be partially exchanged for another ion present m 
the solution fc g H+) Then the sihcate behaves like a nmed Na 
and H electrode The potential difference will depend on the kmd 
and concentration of any such ions which are combmed or are able to 
combine with the sihcate in exchange for the ion onginally combmed 
with the sihcate ion Recently Horovitz (6-8) showed that this 
mechamsm holds for the membrane potential produced with 
certain kinds of glass 

A third theory attnbutes the potential differences produced by 
membranes to the difference m the veloaty of the single ions diffusmg 
aaoss the membrane According to this theory, there is no abrupt 
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change in the potential at the boundary of the membrane but a 
gradual change of the potential from the one boundary towards the 
other, as is the case with a Uquid junction potential when two different 
electrolyte solutions are in direct contact with each other, and by 
diffusion or convection a zone of gradual transition between the two 
solutions IS interposed So, this third theory is that of a diffusion 
potential In a previous paper(9) the theory of such membranes as 
dried collodion or apple skin was developed on this basis 
It does not follow that these three theories are contradictory to each 
other It may happen that two or even all three of these possibUitics 
arc combmed in the same membrane For instance, Beutner will 
probably not exclude the possibility of a diffusion potential within the 
membrane when it is in contact with two different solutions at the two 
Bides. He only assumes that this diffusion potential plays quanti 
tatlvely a negligible part in the total observed potential difference 
On the other hand, Baur(10) endeavored to prove that the diffusion 
potential plays the predominatmg part and the abrupt change of the 
phase boundary potential may be neglected Cremer(ll), who was 
perhaps the first to emphasize the importance of these considerations, 
left it undeaded which of these sources of potential differences plays 
the important rdle, emphasizing rather more the diffusion potential 
The difficulty of the theory of diffusion potentials seemed to be that 
under any known condition the diffusion potentials, except the ones 
produced by aads of nlkalis are not great enough to give such a great 
effect as the membranes sometimes do The differences in the mobili- 
ties of the different kinds of ions, except and OHT ions, arc not 
sufficient We shall show, however, that In certam membranes these 
differences are enormously greater than the well known small differ- 
ences m aqueous solutions. It was the aun of the author (9,12) to 
show that fora membrane such as collodion(12 /t) the theoiy of diffusion 
potentials is sufficient to explain ah known facta The theory of mixed 
electrodes need not be considered because the chemical nature of 
collodion (and of some hpoid membranes, sudi as the wax in apple 
skm) excludes this possibiUty The substance of this membrane is 
not an electrolytc-like matenal nor docs it consist of a cation and 
amon like a glass. However, the question may be asked whether the 
phase boundary theory may not be apphed for collodion 
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Now, for the usual permeable coUodion membrane ‘mth its large 
pores, obviously the whole membrane effect is due only to these pores 
There can be no doubt that in any of the well known dialysis experi- 
ments the dialyzmg salts will go through the pores of the membrane 
and will not go through the substance of the collodion itself to any 
appreaable extent Agam, the transition from the usual large pored 
collodion membrane to the dned membrane is qmte gradual So it 
seemed most probable that the effect of the dned collodion membrane 
IS due to the same mechamsm as that of the usual collodion membrane 
The dned membrane is to be regarded only as a practically obtainable 
hmiting type of porous membrane with decreasmg pore siaes 

Smce the so called Donnan membrane potential has played a great 
part m researches on membranes m the last decade, it seems necessary 
to explam the relation of the Donnan potential to the different kmds 
of potential mentioned above The difference is the foUowmg All 
of the three mentioned theones attempt to trace the course of the 
potential from the one side of the membrane to the other Two of the 
theones assume a more or less abrupt change of the potential at each 
boundary but no change elsewhere The other theory assumes a 
gradual transition of the potential from the one boundary to the 
other The total potential difference is made up by the sum of the 
single abrupt changes, or the integral of the smgle differential changes, 
according to the assumption The Donnan theory is not concerned 
at all mth the course of the potential across the membrane, it only 
takes into consideration the difference between the two sides of the 
membrane, and it can be apphed to any case where one kind of ion, 
vhich IS present only on the one side of the membrane, is permanently 
not present on the other side Donnan stated as the necessary condi- 
tion for the possibihty of such a case occurrmg the non-diffusibihty 
of one kmd of ion across the membrane, t c the lack of any mobihty 
across the membrane Hovever, the same condition may be the 
limiting case either for verj’ Ion mobihty of this particular ion in the 
membrane, or for a very Ion solubihty of this ion in the membrane 
In either case the liquid on the other side of the membrane remains 
permanently free from this particular kmd of ion and the conditions 
of the Donnan cquihbnum are fulfilled In such a case, where either 
the mobiht> or the solubihty of an ion mthin the membrane is really 
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zero, there is an abrupt change of the potential at the boundary of the 
membrane. However, the Honnan theory does not consider the 
course of the potential at all, and it deals only with the difference of 
the potential between the two sides. Neither does the Donnan theory 
concern itself with the mechanism of the impermeabihty of this par 
ticular ion It holds at least for the lumtmg cases of two quite differ 
ent medianisms insolubihty and unmobihty In reahty, however, 
not only do the limitmg cases occur, but also cases where either the 
BolubOity or the mobihty of the ion in the membrane is only diminished 
and not completely abolished Thus our S3^tem indudes the Donnan 
potential as a limiting case among different possibUities 
It IS also possible to develop the theory of the porous membrane 
upon the assumption of different phases Certainly, the solubflity, 
the activity, the osmotic pressure of any dissolved substance, and the 
vapor pressure of the sol's^ent, are different m the bulk of the solution 
from those obtaining withm the capillaiy pores and channels. One 
could speak, therefore, of a coefiSaent of distribution or partition, 
between the bulk and the capillary space, of any particular substance 
which 13 a common component of both However, such an attempt 
would lead to great difficulties and is of no advantage whatever The 
capillary spaces should not be considered as phases separated by a 
sharp boundary from the bulk phase, but one should rather conceive 
the capillary spaces as being analogous to the surface layer of einy 
phase m contradistinction to the bulk Thus the entire surface of all 
the capiDanes of a sieve like membrane is an enormously enlarged 
surface of the solution We emphasize this idea in order to a'vold a 
discussion as to whether the theory of phase boundary potentials ought 
to be apphed to sieve-like membranes. 

The problem of the potential differences produced by membranes 
between two solutions is closely connected with the problem of the 
piermeabihty of the membrane. In the vanous attempts to apply 
the different theones to the selective permeabflity of the membranes 
of hvmg cells, the conception of a hpoid membrane as a solvent had 
been chiefly used, because of the influence of the well known studies 
of Overton Here the membrane was assumed to be a homogeneous 
phase "With sharply defined boundaries mterposed between the inner 
phase (the protoplasm) and the solution m contact with the extenor 
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of the cell But since this theory was not satisfactory for every case, 
the idea of a mosaic membrane has been suggested by Nathansohn (13) 
This IS supposed to be a porous membrane, a sieve consistmg of a 
framework of a lipoid the pores of which are filled by an aqueous 
solution Here we have the sieve-hke membrane which only differs 
from the collodion membrane msofar as the substance of the frame- 
work IS not qmte mert but partiapates in the permeabihty for certam 
substances which are soluble m it In any case, m order to separate 
these two alleged effects of the mosaic membrane we must first study 
the effect of a sieve membrane with an mactive framework m which 
the whole problem of permeabihty depends on the pores For that 
purpose the dned collodion membrane seems to be the almost ideal 
model, because no other porous membrane of suffiaent mechamcal 
resistance (clay, etc ) can be obtamed so easily with pores as small as 
in collodion M Traube’s copper ferrocyanide membrane suffers 
from the lack of mechamcal strength and requires always the presence 
of the membrane-forming substances, CUSO 4 , on the one side and Na 
fcrrocyamde on the other This comphcation makes it almost im- 
possible to study the properties of such membranes with those methods 
which proved the most smtable and simplest m the case of collodion 
membrane Collander(14) has recently made a very exhaustive study 
of the copper ferrocyamde membrane 

1 The Problem of Direct Diffusion Experiments 

In a senes of expenmental studies on the dned collodion 
membrane ( 12 , tf, g, h, i) it has been shown that this membrane is con- 
siderably less permeable for amons than for cations A first attempt 
at a theoretical treatment of the properties of such a membrane has 
been made m a pre\nous paper m this journal ( 9 ) 

The assumption of a relatively small permeabihty for amons was 
founded at the outset of these studies upon the following mterpretation 
of the E M F of concentration chams When two solutions of one elec- 
trolj-te in different concentrations are separated by a dned collodion 
membrane, a potential difference is estabhshed which in the best cases 
reaches the theoretical maximum value of an ordmary concentration 
chain with electrodes reversible for the cations The simplest inter- 
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pretation of this effect was the assumption that the amons arc not, 
or at least are mudi less, mobile m the pores of the membrane than 
the cations. Such an assumption must, of course, be proved by direct 
diffusion experiments. These diffusion experiments are the subject of 
this paper 

In some of the previous papers (12, d, s) diffusion experiments have 
already been described which fairiy well confirmed the assumption, 
but these experiments have not been perfectly satisfactory The 
difficulties consisted m the foUowmg circumstances In the first 
place, when the membrane was made thick enough to resist the mechan 
ical strain in such an experiment, the time required to yield quantities 
of the diffused ions suffiaent for chemical analysis was very long, 
weeks, even months Very often the membrane did not re tarn its 
ongmal properties for such a long time, and many experiments were 
spoiled m this way On the other hand when the membrane was 
made thin enough to allow a suffiaent diffusion in 1 or a few days, 
the lad. of mechamcal resistance spoiled many experiments. The 
membrane became leaky and the leaks could be shown sometimes 
simply in the ordinary macroscopic way, sometimes the leaks were 
relatively small so that they were not manifested macroscoplcally, 
but produced a potential difference between two KCl solutions, 0 1 
and 0 01 n, much smaUer than the expected maximum value. This 
value 18 , theoretically, as has been shown (9), 55 milhvolts, and good 
membranes, give, m fact, a potential difference of SO to 53 milhvolts. 
Leaks not large enou^ to be visible macroscopically become m a ni fest 
by a drop of this potental difference sometimes down to 25 milhvolts 
or much less Nevertheless, selecting the good experiments, it could 
be shown, that HCl diffuses against pure water across a membrane 
extremely slowly, while HCl and KCl exchange cations relatively 
quickly across the membrane Other arrangements for diffusion 
experiments gave gmilar results But all of the results so far ob- 
tamed are only quahtative and not really satisfactory In order to 
obtain rchable results a kmd of membrane had to be employed which 
was permeable enough to give a measurable amount of diffusion in a 
few days, and which, on the other hand, retained its great difference 
of behavior towards cabona and amons, and which also rctamed its 
properties durmg the time of the experiment The authors finally 
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succeeded in obtaining the required Lind of membrane by selection 
of a smtable kmd of collodion and method of makmg the membrane 

Z The Method of Preparing and Standardizing the Menibrane 

The general method of preparmg this land of membrane consists m 
pounng some solution of collodion mto a cyhndncal glass vessel, 
lettmg a film of collodion form adhenng to the glass wall, perrmttmg 
it to dry to a certain degree, and then, in distmction to the way m 
which the ordinary collodion membrane is made, not to detach it from 
the wall by means of wettmg it with water, but sunply by means of 
forceps or the fingers The drymg has to proceed rather far to allow 
this detachment The best way is to wait until the detachment begms 
spontaneously After the membrane has been puUed out of the glass 
vessel it must be dned further, for at least a day, m the open air 
Several vanations m this method are possible and we shall descnbe 
the one which seemed the most convement 

\Mien different kinds of coUodion, even when dissolved m the same 
solvent medium, are employed, the properties of the membranes 
may vary to a great extent The different samples of membranes 
made up from the same collodion solutions behave, though not com- 
pletely, relatively fairly umformly As the best method of char- 
acterizing such a membrane the measurement of the potential dif- 
ference between an 0 1 and an 0 01 M KCl solution separated by the 
membrane may be recommended This may be called the concentration 
potential or the Co P of the membrane (12, i) This Co P depends to a 
considerable extent on the kmd of coUodion used At least ten 
different samples of collodion were used, such as “parlodion,” “com- 
meraal gun cotton No 1,” and several samples of mtrocellulose of 
different mtrogen content None of these gave really good results 
Some of them gave at tunes membranes with a relatively high Co P, 
such as “gun cotton,” but were so poorly permeable (which could also 
be shown by the very poor electnc conductivity in an aqueous solu- 
tion of some neutral salt) that they were useless for diffusion expen- 
ments Others had a better permeabihty but had such a low Co P 
(between 25 and 40 milhvolts) that the required speafic properties of 
the membranes were not obtained Such membranes showed, in 
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fact, only relatively small differences in permeability for amons and 
cations- For instance, an 0 1 n solution of HCl did not diffuse into 
pure HiO across such membranes much slower than it did into a K.Q 
solution The one sort of collodion which was found satisfactory for 
these purposes was “Mloidin-Schermg ” Membranes may be made 
up either in a flat form, which will be more fully discussed in a sub 
sequent paper, or m the form of bags For diffusion experiments 
the bag form seemed to be preferable on account of the greater sur 
face, though for many other purposes the flat membrane is prefer 
able- The following method turned out to be most suitable for the 
required purposes 

5 gm of commercial celloidm shreds, Scheimg previously dried in 
the aix or by short washmg with absolute alcohol, are dissolved m a 
mixture consisting of 7S cc, of absolute alcohol and 25 cc, of anhy 
drous ether The process of solution may require several days and 
IS accelerated by frequent gentle shakmg 

Suitable tubes, such as 50 cc round bottom centrifuge tubes, are 
filled with the above collodion solution, permitted to stand covered 
until the air bubbles nse to the top and disappear, after which the 
greater portion of the collodion is poured oS leavmg about 5 cc- m 
the tube- This residual amount is then carefully distributed in os 
uniform a lajrer as possible by slow rotation and warming in the palms 
of the hands- After several nimutes of such rotation and evaporation 
of the solvents, the tube is placed in a clamp m an mverted position, 
mouth downward, and permitted to dram As stated above, it is best 
to leave the tube undisturbed until the membrane begins to detach 
spontaneously from the glass- This may require under various at- 
mosphenc condiUoiis 2 to 4 hours The nm of the membrane is now 
cut with the pomt of a knife and it is removed by careful and gentle 
pulling Special care must be exercised not to exert too great a strain 
upon the bottom of the membrane, so as not to stretch it too much 
at that place At this pomt the membrane is still qmte elastic, and 
the distortion due to the mampulation of detachment from the glass 
may be corrected by gently blowing into it several times during the 
next 5 to 10 minutes The bags are now placed upon a dean surface 
and allowed to dry in free air for about 1 or 2 days 

It win be observed that at the end of this drymg period aU mem 
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branes show a greater or lesser degree of shrinking and wnnkling 
The BTinkhng can be partially prevented by repeated blowing during 
the process of the drying The degree of this shrinking appears to 
depend upon the extent of drying previous to the removal of the bag 
from the glass tube, and upon the thickness of the collodion layer 
As a rule longer drymg withm the glass tube and the thmner layers 
yield the smoother membranes It may be noted, however, that a 
moderate degree of shrinking does not impair a membrane for the 
purposes descnbed A membrane which is entirely smooth is as a 
rule not very resistant to mechamcal strain On the other hand, 
strongly shrunk and wrinkled membranes may be unserviceable 
because of lack of uniformity of shape and texture But the char- 
actenstic properties of permeability, conductivity, in a given electro- 
lyte solution, and of the concentration potential seem to depend to 
only a small extent upon the differences in the amount of shnnking 
and on the relative shape It is true that the degree of shnnking is 
not entirely ^vlthout effect Recently Liesegang (15) reported that 
collodion membranes, when prevented from shrinking durmg the 
process of drying, are much more permeable than the shrunk ones 
This fact has been known to the authors for a long time, though it 
has not been expressly published, since the interest was directed 
towards obtaimng the limiting case of membranes with the nar- 
rowest pores possible It has also been knowm to the authors, eg 
that a collodion membrane made by impregnating a filter paper bag 
(extraction shells of Schleicher and SchuU, or simply filter paper) is 
much more permeable than the membrane without a skeleton, even 
w hen completely dned The Co P of such membranes never exceeded 
about 40 millivolts For that reason this kind of membrane was 
abandoned by the authors, though it may be useful for other purposes 
A completely dned membrane is a perfect electnc insulator and is 
highly electnfied by gently rubbing it against the hair Not bemg 
easily wetted by water, it retains its electnc charge a very long time, 
c% cn in a humid atmosphere This property of an electnc insulator 
ma> be emphasized because it shows that the subsequently descnbed 
properties of permeability and electnc conductivity are due to the 
pores and their contents and not to the chemical or physical nature 
of the solid nitrocellulose substance 
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A quantitative expression of the most important characteristic 
property of these membranes is obtained by measuring the concen 
tiation potential (Co P) betvreen an 0 1 n and an 0 01 n KQ solution 
separated by the membrane. A suitable arrangement for this 
measurement is shown m Fig 1 The advantage of K.C1 solutions is 
chiefly m the lack of any diffusion potentials against the solutions 
of the calomel electrodes. As was stated above the best membranes 
will show a Co P at room temperature of 50 to 55 millivolts This 



Co P may be reproduced on the same day for any membrane within a 
fraction of a milhvolt, and withm a longer penod of several days or 
even weeks, the Co P of the same membrane will not vary as a rule 
more tlmn 3 or 4 mflhvolts. The best way of preserving the mem- 
branes 13 to immerse them m and fill them with distilled water 
Although the clectnc conductance of the membrane immersed 
in a solution of electrolytes does not come strictly within the scope 
of this paper, we cannot avoid touching upon this subject The 
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resistance of such a system is different, of course, m the direct and 
alternating currents for well known reasons The resistance which 
interests us from the standpomt of the permeabihty of the membrane 
for ions is the ohmic resistance to a direct current, smce the magmtude 
of the conductance m a given electrol)d;e solution is m the sense of 
Nemst’s theory a certain function of the diffusibihty of the ions 
The conductance of a membrane may be approximately measured 
in the foUowmg simple manner usmg the arrangement shown m Fig 1 
The entire system is first made up omithng the membrane, filling the 
beaker with 0 01 n KCl Now the potential difference of the syatem 
between the electrodes should be equal to zero Bemg assured that 
such IS the case, we estabhsh by means of the potentiometer a certam 
potential between the electrodes of such magnitude as to produce 
currents of a given strength, e g 1 5 X 10“'^ amperes The current 
intensity is measured by means of the galvanometer, the sensitivity 
of which had been estabhshed by previous calibration From the 
current intensity, /, and the apphed E M F , read from the potentiom- 
eter, the resistance, R, may be easily calculated usmg the equation 

I =- EM F /R 

For instance, with our Leeds and Northrop enclosed scale and lamp gal- 
vanometer, a deflection of ten hnes on the scale mdicated a current of 
1 5 X 10 amperes The resistance of the whole system without the 
membrane with a 0 01 N KCl solution in the beaker was about 3000 
ohms On inserting the membrane this resistance was mcreased by 
600 to 8000 ohms or more, dependmg upon its relative smoothness 
and thickness 

It was surpnsmg to find that such relatively high conductance was 
compatible vnth such highly pronounced specific influence on the 
relative mobihties of the cations and amons To produce such differ- 
ences in the mobilities, as are descnbed later m this paper, we must 
assume extremely narrov, pores The high conductance of the mem- 
brane indicates that the number of these fine pores must be very 
great Thus, for mstance, for membranes prepared from a certam 
brand of gun cotton and which yielded about the same Co P effect, 
the resistance, under the same conditions, was found to be enormously 
greater, up to se\ eral milhon ohms, showmg that in such membranes 
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the number of pores was correspondingly smaller, while the size of 
the pores upon which the Co P depends is probably the same On 
the other hand, we have observed membranes prepared from other 
kmds of collodion, e g parlodion, yielding much lower Co P values 
(about 25 to 30 millivolts) with a higher resistance than in the celloidln 
membranes. Such membranes probably have larger but fewer pores 
Hence the usefulness of our celloidm membranes is probably due to a 
large number of very fine pores. The sise of these pores is apparently 
within the sue order of larger smgle molecules, for, as shown m a 
previous paper (12), non-electnc molecules m which hydration and 
electric charge do not play an appreciable rOle, dijOfuse through these 
membranes at a rate correspondmg to their size For instance, urea 
diffuses relatively readily, while the sugars do not diffuse at all, and 
with aliphatic alcohols the rate of diffusion decreases rapidly with 
increasing molecular size. 

3 Methods of Ancdysti 

The methods used were Potassium was determined by the method of Kramer 
and Tisdall (16) which was slightly modified for our purposes os follows After 
suitable evaporation the whole or an ahquot portion of the solution containing 
about 0.3 to 0 05 mg of K In a vdume of 2 cc, was precipitated with an excess 
(2 cc.) of the cobald-nltrite reagent, ccntrifugallzed after standing for several 
hours, the precipitate collected on a small asbestos filter and washed on the 
filter several timi^ with a dilute (approximately 0 01 ii) magnesium sulfate solu 
tion This solution was used to prevent the colloidal dispersion of the precipitate 
which occur* on washing with distilled water The asbestos mat and precipitate 
were quantitatively removed to a small flash and titrated with n/ 50 permanganate 
and oxalate in the presence of an excess of sulfuric add as given m the original 
method. Frequent chccla showed that with this procedure we could determine 
with an accuracy of about 2 to 5 per cent analogous quantities of K In known 
lohitions of KO In the presence or absence of the other salts used m our experi 
menta. 

The chloride ion wa* determined by the well known Mohr method using the 
following procedure. Smee the amounts to be determined were almost alwa>8 
extremely small the solutions were caatKJUsly evaporated to dryness and the 
residue dissolved in 1 or 2 cc. of a 10 per cent KjCrOi solution (The chromate 
solution had been previously treated with a little AgNOj solution to remove 
traces of chloride present, and after standing for a day or 2 filtered.) The 
titration was carried oat with N/lOOAgNOj solution using rakroburette with a 
fine tip The end-point of the titration the first appearance of a dear brown 



588 


STUDIES ON PERMEABILITY OP MEMBRANES I 


tint, IS best observed when the titration is performed m a white porcelam dish 
or m a glass vessel standing directly on a white surface The ‘excess of AgNOa 
necessary to produce this perceptible red brownish shade was found to amount, 
imder these conditions, to about 0 02 to 0 05 cc (a small drop) of the 0 01 n solu- 
tion, which amount must be subtracted from the titration figure 

4 The Dtffuston Experiments 

Several groups of experiments were carried out as follows 
I 0 1 M KCl agamst H 2 O Table I, A 
0 1 M KNO 3 “ 0 1 M NaCl, Table I, B 

0 1 ii KCl 0 1 M NaNOs, I, C 

n The same experiments were carried out, but m this case each membrane 
was used for repeated diffusion experiments with mcreasmg periods of time of 
diffusion The solutions outside and mside the collodion bag were renewed at 
the end of each period, Table II, A and B 

ITT In Table m are detailed experunents usmg the same salts as above but 
m much higher concentrations, 0 5-1 0 M 

W Three experiments were carried out m which the membranes separated 
0 1 m electrolyte solutions with the cation (K+) m common but with different 
amons (Cl~ and NO 3 *), as shown m Table IV 

V Table V shows a series of experiments m which the molar concentrations of 
the tv o electrolytes separated by the membrane were deliberately chosen m the 
ratio 1 5 with the chlonde havmg the higher concentration In this arrangement 
the P m of the Na'*' solution agamst a K"^ solution is almost completely abolished, 
as will be more fully explamed in the discussion of the results 

\T The experiments detailed in Table VI are presented to show the effect of 
low Co P \ alues of the membranes and also to show that some kmds of collodion 
are not suitable for the purposes of approachmg the characteristics of an ideal 
scmipermeable membrane for ions The membranes used m Series I to V were 
prepared for Celloidm-Schermg, whereas the membranes used m this senes were 
made from other commercial brands of mtrocellulose 
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TABUS I 


A BUfvtko of 0 1 M KCl Aftlsrt HiO 


UcmbcAJK 

No, 

C«TU tnmbniu | 

Ttrac of 
dlflmfnn 

1 DlffMcd unoQnti | 

lutbiLa 

DlSoHd 

E per dtjr 
(14 hn.) 

1 Effort 1 

1 Alter ] 

rxn 



1 « 1 

Arx 

1 mtfX 10-* 1 


MfiX lO-i 

1 

53 8 

1 

24 

2 0 

4 8 

■sa 

2 



42 0 

1 « 

1 0 

3 5 


0 92 

2 

51 5 



S 6 

5 1 

1 1 

1 3 

3 

49 8 

4d 7 


3 6 

3 2 

1 1 

1 2 


B. ot 0 1 M INOj 0.1 M NiCl 


1 

WSiW 


24 

9 1 

1 8 

n 

|BB 

2 


37 5 

42 

23 8 

Bia 



3 



24 

20 3 




4 


49 2 

42 

36 4 

BW 

bB 


5 


54 3 

44 

91 6 

1 8 

KB 


6 

47 S 

54 3 

44 

59 6 

1 5 

40 


7 



92 

11 0 


11 


8 


20 2 


35 0 




9 


48 5 


16 4 1 



BEH 


C. THMonolO 1 HCnantoitOlKKaNOf 


1 



24 

1 3 6 

1 0 8 1 

5 

I 3 6 

2 


53 5 

42 

6 1 

mSM 

1 

3 5 

3 


51 2 

70 

13 8 


1 

4 7 

4 


50 0 

70 

65 5 

III 

13 

22 5 


In Series A where KQ. diffused a^afiist pure water the diffused amounti of 
K+ and Cl“ are eitremely small and, within the experimental error equivalent 
to each other 

In Scries B and C where the membrane separated two electrolyte solutions, 
the amount of K"*" diffused Is much higher and the ratio of diffused Cl~ is 
within the range of 4 to 20 























TABLE n 


Progrcssux Dijfttsion Expcrtnicnis wiih 0 7 N Solutions 


A KCI against NaNCb 


Membrane 

Lo 

Co P of membrane 

Tunc of 

1 diffusion 

1 

Diffused amounts 

Ratio K Cl 

Before 

After 


Cl 


JTIT 

days 

moJs X 


1 

51 5 


3 

1 6 

<1 

— 




, 6 

3 3 

<1 

— 



52 2 

12 

7 2 

1 7 

6 6 

2 

51 0 


1 3 

4 6 

<1 

- 




6 

10 8 

1 7 

6 



' 37 0 

12 

24 2 

7 4 

3 

3 

52 4 


2 

14 2 

1 8 1 

7 5 


1 


4 

31 0 

3 2 

9 7 



1 

8 

70 0 

8 0 

8 8 



48 8 

12 

1 

94 

13 2 j 

7 0 

4 

53 7 


1 

2 ' 

6 6 

1 2 

5 5 




4 1 

IS 0 

1 2 ' 

12 5 

i 



8 

33 0 

2 6 

12 7 

1 


52 7 

12 1 

50 0 

5 1 

10 0 

5 

52 7 


2 

11 6 

2 4 

5 0 




4 

23 4 

5 2 

4 5 


1 

1 

8 1 

59 0 

13 9 

4 2 



47 4 

12 1 

96 0 

16 0 

6 0 



B 

KNOj against NaCl 



1 

51 0 

1 

1 

3 ' 

14 3 

4 3 

I 3 3 



1 

6 ' 

32 2 

3 2 

1 10 



41 0 

12 

67 0 

9 2 

7 

2 

53 1 


2 

11 6 

1 2 

10 




4 

25 0 

1 5 

; 16 6 




8 

56 0 

2 6 

' 21 5 



46 5 

12 

85 0 

5 2 

1 

! 16 3 

3 

50 2 


2 1 

28 3 

I 

5 6 

5 




4 

63 5 

9 4 

6 6 




8 

150 

1 30 

5 



41 0 

12 

214 

1 52 

4 1 


In this senes each membrane vras used for a number of successive experiments, 
-nth progrcssncK increasmg diffusion time Agam, the value of the ratio of 
diffused k Cl approaches about 10, sometimes remainmg almost the same m the 
successne expenraents, someUmes vnth a tendeDC> to an increase followed by a 
decrease m the ratio 
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TABLE HL 


A. l>lffiadcnof0JKi:at«mIaitHiO 


Mcmtrm 

No. 

1 C# ^ of tocmbruM j 

Tim* of 
dIfiTtiloti 

1 Diifned uKKtnts j 


Befort 1 

AltCT 


1 Cl 1 


tn 


krs 

•Wixicr* I 


1 

54 6 1 




1 0 8 

1 2 

2 

55 0 1 


1 « j 

1 21 5 1 

18 

1 2 


B Diffdrida o< IB X SC] acalost HiO 


3 

50 8 

50 7 




1 1 

4 ' 


40 3 




0 lappr 


C, DifftaloaofOJKKClafitiiitOJxNaNOi 


1 


42 5 


8 5 

7 0 1 

1 1 2 

2 


42 6 

92 

13 8 

7 0 1 


3 


37 2 

3150 

160 0 

155 0 

1 0 

4 


1 45 2 

120 

31 0 

23 5 

1 3 

5 


51 7 

120 

37 0 

40 4 


6 

51 8 

51 2 

120 

84 0 

62 5 

1 3 

7 

54 6 


120 

96 0 

58 0 

1 7 


In the above cxperirnenU with 0^ or 1 0 Ji Bolubana Inatead of 0 1 u the ratio 
of diffused K,'*' Q“ is dcddedly lower being approximately the same whether the 
diffusion takes place against water or another dcctrolytt. 

* Analysis imcertain 


TABLE IV 

Dt^uHon of Aniens Only 


DtStskn o< 0.1 X SNO] 0 J x SCI 


llcmbnoa 

No 

Cf J* et acminae j 

Tbnt of dtffwJoi 

o- 


l^fTf 


dayj 

ikx 

1 

51 5 

49 7 

12 

0 0018 

2 

51 2 

51 0 

u 

0 0068 

3 

51 2 

39 6 

12 

0 400 


Experiments 1 and 2 show the extremely slight amount of Q ion diffused m a 
period as long as 12 days. Experiment 3 shows that a much larger amount 
of Cl ion diffuses when the character of the membrane has been impaired as shown 
by the relativel> large drop in the Co P to 39 6 mlllivolta. 
























592 


STUDIES ON PERHEABiLITy OF MEMBRANES I 


TABLE V 


Diffusion of 0 05 }£. KNO 2 against 025 m NaCl {No vx> hctmm the Separated 

Solutions) 


Membrane 

No 

Co P of membrane 

Time of 
dtSiuioa 

Diffused amounts | 

RaUos 

K 

Cl 

K Cl 

I'd- 


before 

after 

hrs 

mcls X 10^ 1 



1 

' 52 4 

54 3 

196 

81 

60 

1 4 

7 

2 

50 3 

52 4 

196 

47 

1 8 0 

5 9 

30 

3 


50 6 

; 240 

52 2 

3 2 

16 

80 

4 

49 3 

I 47 S 

' 196 

25 

9 6 

2 6 

13 

5 

52 4 

54 3 

196 

81 

60 

1 4 

7 

6 

48 6 

47 2 

196 

34 2 

22 0 

1 6 

8 

7 


46 0 

144 

14 8 

0 5 

30 

ISO 

S 

57 0 1 

41 5 i 

144 

5 0 

1 5 1 

3 3 

16 

9 

56 5 ! 

39 5 1 

144 

7 6 1 

1 1 1 

7 

35 

10 

50 3 

37 2 ; 

196 

4S 

124 0 

0 4 

2 

11 

52 0 

24 8 

144 

7 3 

2 0 

3 7 

18 

12 

51 0 

23 5 

144 

15 7 

14 9 

1 00 

5 


Though the concentration fall of chlorine is five times as great as that of potas- 
sium, the amount of difi’used is always greater than that of Cl“, except m 
experiment No 10 The last column shows the mobility ratio of and CI“, 
referred to the same concentration gradient This ratio is always greater than 1 
The excepUonally high value m No 7 may be due to an error m the particularly 
low amount of Cl" The experiments are arranged according to the Co P values 
after the experiments However, the figures of the last column do not follow the 
same order It should be noticed that the Co P of many membranes became 
much smaller after the experiment, showmg that the character of the mem- 
branes arc somewhat changed durmg the diffusion This may explam the differ- 
ences in the ratios 
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table VI 


D{ffuHcn Esptrimaiis with ' Gun Coi/cn JfcmbrafKs of Lover Co P OJ it KNOi 
aioinsi OJ U NaCl 


Urmlnot 

No 

1 CsFti uKsdniM 

Tbnc 

1 DiffMed 

K iCJ- 

1 Beion 

1 After 


1 ^ 

L 



1 ** 1 

1 

[ *ifrXie** 1 


1 

18 5 

26 5 

1 8 

7 3 

7 1 

1 0 

1 

30 7 

22 S 

1 ® 

87 0 

46 9 

1 9 

3 

23 3 


8 

9 3 

8 3 

1 1 

4 

26 5 

26 1 

8 

35 0 

19 4 

1 8 

5 

29 0 

22 S 

8 

10 0 

6 2 

1 * 6 

6 

23 7 

23 1 

8 

64 0 

32 8 

1 2 0 


Hu tame wttli '‘psiMW meubnoat 



20 0 

21 5 : 

8 

1 1 94 

■9 

1 



16 6 

26 



1 



19 1 

26 


t 8 4 

1 6 



24 3 

26 



I 7 

11 { 


23 8 

26 



1 7 


This table Bhowa, that In mcmbnmca charactcrited by a low Co P (probably 
doe to a larger pore ilze) the K. Q ratio approachei 1 and that the specific effect 
of the mcmbiaoe on the mobilities of cations and anions disappears 
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Discussion of the Diffusion Experiments 

It can be seen from the above tables that the diffusion of an electro- 
lyte (KCl in Table I, A) is slower across the membrane into pure HjO 
than into another electrolyte solution Though the membranes 
are not uniform enough as to thickness and other properties to permit 
an exact quantitative companson of experiments with different 
membranes, still it can be seen from Table I, that on the average the 
amount of K+ drffusmg per day is much less in A than in B or C 
This companson indeed is not very reliable on account of differences 
in thickness and other properties of mdividual membranes How- 
ever, -what IS certain is the fact that the amount of diffusing Cl“ 
corresponds to the amoimt of K+ m the diffusion agamst water (A), 

V hereas it constitutes but a small fraction of the K+ m the diffusion 
against another electrolyte (C) In Table I, A, the amounts are so 
extremely small, that an exact agreement of the analyses cannot be 
expected The error of the methods m these very small ranges tends 
alvays to yield high values for Cl“ In any case the order of mag- 
nitude for the K/Cl ratio is 1 1, whereas this ratio m B and C is on the 
average 10 1, varying from 7 1 to 50 1 Only m two experiments 
in vhich particularly small amounts had to be analj^ed the ratio 
came down to 5 1 Here the error of the method may depress the 
value, and even if it does not, the ratio 1 1 is far from bemg reached 

Speaal attention should be drawn to the experiments shown m 
Table II, A Here every membrane was used in a senes of successive 
diffusion ex-penments with the same combmation of electrolytes (KCl 
against NaNOa) lastmg for progressively mcreasmg penods First it 
can be seen that hlembrane 2, for example, m which the Co P dropped 
in the course of the experiments from 51 to 37 0 miUivolts, gives 
relatu ely low ratios for the diffusion of K and Cl, droppmg down to 3, 

V hile the membranes w ith a higher and more stable Co P give ratios 
of about 7 to 12 In general, within the limits of error, this ratio is 
approximately the same, though not quite exactly so It seems that 
these irregulanties are greater than the hrmts of error in the analyses, 
and that the regulanty and reproduabihty of these experiments is 
not perfect 

The same remarks hold for similar senal experiments wnth 0 1 M 
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KNOi agamst NaCl in Tabic II, B In general, the amount of potas- 
sium diffusing seems to follow a straight Ime plotted agamst the thne, 
whereas the chlorine diffusing shows deadedly less rcgulanty This 
may be partially due to the greater difficulty in the quantitative 
determmation of these mmute amounts of chlorme, but we beheve 
this 18 not the sole factor 

All of the above cspenments were earned out with 01 m solutions. 
In higher concentrations this effect becomes less and less pronounced 
So m Table III, with 0 5 m solution of KCl, the amounts of K+ and Cl~ 
diff usin g are approximately eqmvalent to each other, both when the 
diffusion takes place agamst HiO and against a 0,5 M solution of 
NaNOj It may be recalled that in such high concentrations the 
pD between two KQ solutions of different concentration vanishes 
(12, 0> to which problem we will refer m a later commumcation 

The experiments shown m Table TV m which the cation on both 
sides of the membrane is the same, but the amons are different, 
demonstrate that the amons diffuse with extreme slowness, even 
though the possibihty of exchange is present. Membrane 3 of this 
senes, the only one through which a much larger amount of Cl^ 
diffused, shows at the same time a considerable drop in its Cti P during 
the experiments, while Membranes 1 and 2 maintained their onginol 
properties as evinced by only small change in their Co P values 

A speaal discussion Is required for the experiments shown m Table 
V Here an 0 05 m KNOj solution was diffiismg against five tunes as 
concentrated a solution of NaCL Thus the gradient of the Q” 
concentration across the membrane was five tunes as great as that of 
the K+ ions None the less, the amount of diffused is higher than 
that of Cl“ If we assume that the velocity is proportional to the 
driving force, the specific veloatics of K+ and Cl" can be calculated, 
in relative terms, by dividmg the diffused amoimt of Cl” by five 
Thus we obtam the ratio of mobility of Cl” and K+ shown in the last 
column of Table V The reason for carrying out this kind of experi 
ment was the following In the other experiments with equal con 
centrations of KNOj and NaCl, a potential difference is estobliahcd 
Any solution of a K salt shows a p d agamst any solution of an Na salt 
in equal concentration across the membrane, which m the best mem 
branes reaches about 50 miflivolts (12, d) Now, the drivmg force 
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xn the movement of a single speaes of ion through the membrane is 
the algebraic sum of the dnvmg force resultmg from the concentration 
difference of this ion on the two sides of the membrane and of the 
force of the electnc field It is not only the concentration fall which 
determines the rate of diffusion Smce the side with the Na solution 
IS positive, there is, beside the osmotic force, an additional force, 
which is directed for positive ions from the Na solution towards the 
K solution and for negative ions in the opposite direction There- 
fore, when the concentration fall for K ions from left to nght is the 
same as the concentration fall for Cl ions from nght to left, the total 
dnvmg force is different for K and for Cl ions The K ions are re- 
tarded, the Cl ions are accelerated by the electnc forces The speafic 
mobihty of an ion is its observed speed of movement divided by the 
dnvmg force But smce the dnvmg force is comphcated, the cal- 
culation is difficult The ratio of observed diffusion for K+ and Cl“ 
does not represent the ratio of the specific mobihties of these ions 
Now , by a smtable arrangement m the concentrations of the K and 
Na salts, the conditions can be made such that practically no pd 
anses between the two solutions This is the case when the con- 
centration of the Na salt is about five to ten times as great as that of 
the K salt The exact ratio necessary to bnng about the complete 
abolition of the p d depends on the individual p d of a K-Na chain 
with the particular membrane But for a ratio of concentrations 
1 5 the p D is in any case so low, that the electnc force is neghgible 
in companson with the osmotic force In fact, the p d in the arrange- 
ment of the experiments of this senes. Table V, was measured m 
several cases and found never m excess of a few (0 5 to 2 0) miUivolts, 
whereas the same membranes, when interposed between a NaCl and a 
KNOj solution in equal concentrations, show'ed a p d of 40 to 50 
imlhvolts according to their mdividual properties and in agreement 
with the earlier findmgs wath KCl-NaCI chams (12, d) Therefore, 
the dnvmg force causmg the movement of the Cl'ions may be set 
simply five tunes as great as the dnvmg force for K+ It is probable 
that the figure five is not qmte correct, because neither osmotic pres- 
sure nor activatj is exactly proportional to the concentration How- 
ever, these devaations are certainly wathin the ranges of the other 
errors m these experiments 
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In this way, the “speafic mobility*’ of K+ and Cl“, or at least the 
ratio of the two, is calculated in the last column of Table V It may 
be emphasized that these ratios hold only for the conditions of this 
experiment, since the specific mobihty of an ion withm the membrane 
depends greatly on the conditions, especially on the concentration, 
to a much greater extent than it does m a free aqueous solution 

BUiatAIlY 

The theoretical aspects of the problem of sieve like membranes are 
developed 

The method of preparmg the dried collodion membrane is described, 
and the method of definmg the property of a particular membrane is 
givem It consists of the measurement of the Co P, that is the pji 
between an 0 1 and an 0 01 u KCl solution separated by the membrane, 
Co P is m the best dned membranes 50 to 53 millvolts, the theoreti- 
cally possible nrumriTmim value being 55 millivolts Diffusion ex 
pciiments have been earned out with several arrangements, one of 
whidi IS, for example, the diffusion of 0 1 m KNOj against 0 1 ir NaCl 
across the membrane The amount of K+ diffusmg after a certain 
penod was m membranes with a suffiaently hi^ Co P (about 50 
millrvolts or more) on the average ten times as much as the amount of 
diffused Cl“ In membranes with a lower Co P the ratio was much 
smaller, down almost to the proportion of 1 1 which holds for the 
mobility of these two ions in a free aqueous solution When hi^er 
concentrations were used, eg 0,5 ii solution, the difference of the 
rate of diffusion for K+ and Cl" was much smaller even m the best 
membranes, corresponding to the fact that the pji of two K.C1 
solutions whose concentrations are 10 1 is much smaller m higher 
ranges of concentration than in lower ones 

These observations are confirmed by experiments arranged m 
other ways 

It has been shown that, m general, the diffusion of an amon is much 
dower than the one of a cation across the dried collodion membrane. 
The ratio of the two diffusion coeffiaents would be expected to be 
calculable m connection with the potential difference of such a mem 
brane when mterposed between these solutions. The next problem 
is to show m how far this can be confirmed quantitatrvely 
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I 

In other papers (Lyon, 1923-24, 1927) results have been reported 
which appeared to show that neutral solutions of sodium or potassium 
phosphate serve to catalyze the enzymatic production of COj by 
plant tissues. The ondiamg enzymes involved were those of Elodea 
canadensisy wheat seedlings, and potato tubers, the latter studied only 
in aqueous extracts We shall now present additional proof of this 
promoter action throu^ more careful analyses to determme the 
active component of mixtures of mono- and disodium phosphates 

The molar concentrations of the solutions which gave optimum re 
suits were somewhat high for the usual types of catalysis. The 
concentration most used was appromnately 0 1 ii, by which is meant 
a solution obtamed by miTing 0 1 ii monosodium phosphate with 0 1 
u disodium phosphate. The complex nature of the components of 
such a solution suggested that some single element among them was 
the active, or at least the controlling factor of the catalysis. Smee the 
ionization of even this concentration of the sodium phosphates Is 
presumably complete, we arc concerned primarily with the nature of 
the ionization products of phosphoric aad An excellent statement of 
the conditions of equilibrium between HiPO', ECPO/', and PO/" is 
given by Holt, La Mer, and Chown (1925^), from which it is apparent 
that for HtPOi, Ki is very large, Kt is smaller, and Kt, which deter 
nunes the relative amounts of PO/", is very small These authors 
have also calculated the concentrations of PO/^' in relation to pH over 
a wide range and have mtroduced the expression pfPO*"*] which may 

^ Holt, L» Mer, and Chown (1925) pp. 518 to S22, 
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be used to express tbe concentration of this ion just as p[H+] is used 
for the hydrogen ion 

The relative concentration of VOi" is so low that it must be ad- 
mitted that it is no higher than that of well known catalysts such as 
the H+ ion At pH 7 0 only 1/500, 000th of the total P present is pres- 

ent m this ion On the alhahne side of neutrahty the relative concen- 
tration of TO/" mcreases rapidly and on the aad side it falls off 
A plot of tables of Holt, La Mer, and Chown (1925“) shows that the 
graph of p[P 04 '"] (we prefer to use the form pPO*) agamst pH is not a 
straight line but a curve between pH 6 and 9, which correspond to 
pP 04 7 44 and 3 4, respectively Thus pP 04 will vary with both pH 
and the molar concentration of the aad or its sodium salts 
Siimlar statements could be worked out for the other ions of the 
solutions but It IS this ion which proves to be related to catalysis 
through mathematically simple and exact rules 
As V e shah, show later, the concentration curve for the rate of CO* 
production by Elodea cm adorns (Lyon®) m different concentrations 
of neutral phosphate solutions after an exposure of 1 hour does not 
afford the best data by which to test the conception of catalysis by 
the PO 4 '" ion At the two extreme concentrations other factors inter- 
vene to mask the real effect When the concentration is low the 
element of rate of penetration of the phosphate mto the hvmg cells 
limits the observed effect at the end of 1 hour At the higher con- 
centration there is opportumty for a deletenous effect through either 
the osmotic effects or some other result of the presence of such a high 
concentration of salts The intermediate data are too few to use 
Accordingly, we have performed the experiments necessary to 
pro\nde data for the effect of change of PPO 4 through change of pH on 
the alkahne side of neutrahty Similar experiments were attempted 
for the aad side, but the presence of carbonates or bicarbonates gave 
nse to such an inacase in the hberation of COj that such readings are 
not comparable vuth those at a higher pH In Fig 1 are shown indi- 
\ndual time curv'cs of experiments on the alkahne side of neutrahty 
The sigmficant \alues for our purpose are the levels at which each 
curve flattens out These experiments were performed accordmg to 

®Holt La Mcr and Chown (1925), p 521 
®L>on (1923-24), p 302 
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the technique described in previous papers, the main apparatus being 
a suitable form of the Osterhout re^irometcr (Osterhout, 1918-19, 
1919-20) Hence, the preliminary rise m most of these curves is 



Fio 1 The effect of alkaline plio^hatc aolutioni on the production of COj 
by EJodca conadtnns Each curve repreicnts a typical operiment fn which the 
uonnal (taken as 100 per cent) Is obtained with an 0 106 ii neutral phosphate 
solution and followed by the application of phosphate mixtures of the same m ola r 
cBdCcntration but with the pH as indicated for each curve. 

probably not due to a senous error such as the mtroduction of atmos- 
phenc COa at the tune of application of the al k a l i n e solution It is 
more likely that we have to do with a temporary change m equilibnum 
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withm the system though there may possibly be a real temporaiy 
increase in rate of CO2 production above that at which a level is 
attained 

I In Fig 2 are shown the mean values (of all experiments) of the rate 
of CO2 production at the end of 1 hour, plotted agamst pP04, the 
latter calculated from the tables of Holt, La Mer, and Chown, and 
against pOH The sohd hne shows the regularity of the relationship 
between the PO4'" ion and the rate of production of CO2 From the 



Fig 2 The mean rates of production of CO 2 by Elodea canodensts in 0 106 it 
alkaline phosphate solutions of different pH in relation to pPO^ (sohd hne) and to 
pOH (broken hne), after 1 hour 

nature of the relationship between pPO« and pH it is to be expected 
that the relationship to pOH (broken hne) should also be regular 
We arc attempting to show that the pnnapal effect is that of the PO4'" 
ion rather than the OH“ or H+ ion 

The curve for the relationship to the PO4'" ion resembles that of a 
hj-perbola vith the general equation (for these coordmates) 

(CO - a) ,pPO. - t) = K, 

vhere a and b represent the fact that the asymptotes of this hyperbola 
ma> not be CO; = 0 and PPO4 = 0 but CO. = a and PPO4 = b The 
mathematical solution of this equation for the five measured points on 
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the curve ’was accomplished by a rehable method that depends upon 
the general method of least squares The equation 'which results is 

(COj - 68 475) (pPa ~ 2 13) - 114,43 



Fig 3 The rate* of production of COj by EJodca canadensu in 0 106 m alkaline 
phoiphate solutions of diffcrciit pH in relation to pPOi The ordnmtes arc loga 
rlthrni of per cent COi - 68 475 wHlc the absdss® are lofiarfthms of pP 04 — Z13 
The itrai^t Imc Is the plot of values calculated from the equation In the text- 

The doseness of fit to the data may be seen in Fig 3 in which the loga 
nthm of the per cent COj is plotted against the logarithm of pFOi 
If the hyperbohe relationship holds the pomts should he m a straight 
line in this type of plot The straight line we have drawn represents 
the calculate equation while the points indicate the locations of the 
measurements. 

The meanings of the constants a and 5 are mterpreted as follows 
Under the conditions by which the relationship 'was derived (vu* with 
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the pH also increased) the one asjnnptote locates the point beyond 
Mhich further increase in concentration of TOi" ions fails to give an 
increase in rate of CO: production, the other asymptote denotes the 
fact that the enzyme may function apart from PO/" ions to the extent 
of 68 475 per cent, where 100 per cent is the rate measured m neutral 
phosphate solution (0 1 m) Not much emphasis can be attached to 
these constants, how ever, since they were not obtained by changmg 
only one vanable — an impossible step m this nork 

We may non observe the relation of this equation to the pomts on 
the concentration cun’-e for Elodca (Lyon, 1923-24, Fig 2) The hon- 
zontal form of the cun^e at molecular concentrations approaching the 
threshold of plasmol}’sis could not be expected to check with an 
equation den\ ed from measurements at optimum salt concentrations 
Some himting factor may also prevent a close adherence to a hjqierbohc 
relationship 

Liken ise, the lowest concentrations might not exhibit the same rela- 
tion Here It is found that if the increase in molar concentration be 
thought of as a slow increase in concentration of PO/" ions (as is the 
case), the slope of the curve for CO; production is greater than that of 
Fig 2 and is sensiblj uniform over the first third of the graph This 
hnear, or \er} nearly hnear relationship, which denotes direct pro- 
portionality , IS typacal of catalytic processes over the range of low con- 
centrations and does not conflict with the relationship expressed by our 
denied equation At the midrange of concentration, however, ve 
should expect some conformity and such vas found to be the case 
The total difference betn een the A'’s computed for the tuo knomi mid- 
points is only 1 5 per cent of the mean K 

This is as far as v e can go in the analysis of our own data v hich seem 
to point to the PO/” ion as the effective catalyst of oxidising enzymes 
It \ ould be lery desirable to obtain similar concentration curves for 
other plant matenal, by expenments mvohang change of concentra- 
tion of the phosphate ion by changing first the pH and then the molar 
concentration ^\e plan to conduct such studies at a later date 

1 he results of Bode ( 1926), who sought to measure the dependence 
ol rc-piration upon hydrogen ion concentration, show a quahtative 
agreement w nli our results in so far as his data may be converted into 
data lor pPO, His use of calaum and magnesium phosphates to 
regulate the pH introduces new e anables affecting the exact concen- 
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tration of the phosphate ion and involving the influence of the mctaL 
In general, however, the presence of higher concentrations of phos- 
phate ion correlates with a higher rate of respiration as measured by 
the absorption of oxygen 

IL 

A further co nfirm ation of the promoter action of the phosphate ion 
is afforded hy the results of analyses of some existing records in the 
literature of other cnayme actions. Appropnatc treatment of sudi 
records demonstrates the same hyperbohe relationship 

The widespread practice of uamg phosphate buffers for controllmg 
the pH of enzyme reactions has led to the statement of some records m 
a form which allows the transposition of either molecular concentra 
tlon or change of pH mto data for pPOi Unfortunately it is common 
practice to report but a few “typical” series of measurements. Mean 
values of two measurements were found for some cases and of course 
these as well as data covering both change of pH and change of molar 
concentratioii at constant pH in the same type of experiments carry 
more weight.* 

The method of procedure Id the coDverjum of data into tenn* of pPO* wfll be 
described for only the first act of readings to bo dealt with — those given by Snumoff 
(1925) In a study of the effect of neutral salts on peroaddaso. The eniyme wta 
obtained from ground wheat seeds. The substrate was pyrogalloL The cri 
tenon of cniyme action was the amount of purpurogaUln formed, estimated by 
titration with KilnO*. ffhe data for the effect of the phosphate solution of 
concentration N/SO were given for only one set of ciperunmta, in the following 
tabular form 


pH 1 

3.5 

m 

4 98 ^ 

j 6^ 

i 

75 

7 86' 


Activity of enryme, per cenL 

1 9 

\ 2 W 

55 79 


135 0 

148 iJ 

ISO 53 


pTT. 

1 8 7 1 

9 3 

9 5 



1 

Activity percent 

163 6t 1 

173 86 

139 68 





* The measurements, however are all recorded m terms of amounts of product 
after equal periods of time. That this is not always the proper measure of cnzvme 
action was shown in the rocalculatioo by Northrop (1924-25) of the results of 
Morgulis (1921) in a study of the kinetics of ca t a lase action on peroxide. 
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From these data it is obvious that below pH 4 98 there is a powerful inhibition 
of enzyme action and above pH 8 7 there is a depressive action These effects 
are imdoubtedly due to a specific effect of the pH value and we can only use the 
intermediate data The necessary data for a logarithmic plot in terms of pPO^ 
IS given m the following table The pPOi was obtained by mterpolation from a 
plot of the table of PPO 4 for various pH values 



Fig 4 The logarithmic plot of the relation of the concentration of PO 4 
ions to the percentage rate of oxidation of pyrogallol to purpurogalhn by peroxi- 
dase The straight line is the plot of the equation 

(Activity of enzyme) (pPO^)^ iv 

The mdicatcd points represent a single set of readings as reported by Smirnoff 
(1925) 


pH 

PPO 4 

LogpPOi 

acti ity 
tn pet cent 

Log enzyme 
activity 

4 9S 

9 43 

mSM 

55 79 

1 7465 

6 5 

6 51 

mSmm 

100 0 

2 0000 

7 1 

5 53 



2 1303 

7 5 

5 00 

0 5990 

148 16 

2 1707 

7 85 

4 5S 

0 6609 


2 1775 

8 3 j 

4 10 



2 2430 

8 7 1 

3 72 

WBSM 

183 64 

i 2 2640 
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Fig 4 rfiows the plot of these values. The pomts He as near to a straight line 
as could be expected for a single set of readings The slope of this line is not -1, 
hoi^rcver but —IM Therefore the equation Is 

(Activity of eniyine) (pPOi)*"” - K * 





Fia 5 Logarithmic plot of the rdatlon of concentration of PO* " Ions to the 
rate of hydrolysis of ethyl butyrate by pancrentic lipase in glycenn extracts of the 
pig pancreas. Data are taken from the work of Platt and Dawson (1925) who 
varied pPOi by change of pH. The straight line is fitted to the points (• ) obtained 
from the readings for an experiment invohdng the use of low concentration of 
phosphate salts. The absdasa; are those from the scale at the bottom of the figure 
and the equation for the line Is 

(Hydrolysis) (pP 04 )* - AT 

The other pomts (o) are referred to the scale of nbsdssic at the top of the figure 
this differing from the lower one only by a displacement to the right by four 
units. These pomts were taken from a second experiment which differed craljcln 
the use of five times as much phosphate salts m the buBer lolutionf. 
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Smirnoff dad not study in sufficient detail the effect of the concentration of 
phosphate solutions to 'warrant a similar test of the phosphate ion relations at 
constant pH The method of calculation of pP 04 under those conditions is 
fundamentally the same and vdll appear in connection 'with hpase anal 3 'ses 

For another of the oxidising enzymes — laccase from alfalfa — 'we have found a 
single set of four readings for change of pH as recorded by Bunzel (1915) Its 
action was tested only on hydroqumone The ''unnaturalness*' of the conditions 
IS attested b> the fact that there is no absorption of oxygen m neutral solutions 
Therefore no conclusions can be reached as to the relation of laccase to the phos- 
phate ion m living cells m 'which the substrate is quite different and the enzyme is 
effective at the pH of protoplasm Actually, the graph on the loganthmic plot 
was a straight line with slope —7 46 for three of the four readmgs, the fourth one 
being nearest the point of no oxidation 
The most complete data to be found for enzyme action in relation to phosphate 
arc those for pancreatic hpase In all, the results of five mdependent sets of 
experiments have been found to be available for analysis The most recent work- 
ers (Platt and Da\sson, 1925) recognized a specific function of the phosphate 
buffers 'which were also used by the previous 'workers Their technique was 
likewise more refined and their data cover both change of pH and change of con- 
centration Hence, their results carry more weight and are considered first 
Platt and Dawson estimated the action of pancreatic hpase of the pig by titrat- 
mg the but>Tic aod released through the hydrolysis of ethyl butyrate They 'were 
concerned partly with the optimum pH and found it to be about 7 0 for phosphate 
buffers and purified hpase By using glycerm extracts of the pancreas they 'were 
able to carry the pH as high as 8 0 with steadily increasmg hydrolysis They 
consider that a protection of the enzyme is afforded by some constituent of the 
gl> cerm extract These experiments (Nos 5 and 6 ) are therefore the ones from 
which wc have obtained data for a wide change of pH with constant concentration 
of phosphate salt They are shown in Fig 5 from which it is evident that thar 
Experiment 5, in which only 5 cc of phosphate solution 'was used, gives an un- 
broken straight line through a wide range of PPO 4 Experiment 6 mvolved the 
use of 25 cc of phosphate solution and the pomts (shown by o) are somewhat 
irTcgularl> distributed In both experiments the pomts represent smgle readings 
and additional experiments would probably remove the irregulanties The gen- 
eral trend of the pomts is not far from that for the lower concentration of salt the 
equation for which is 


{H>drol>sis) (pPOi)'®^ « K 

After a specific effect of phosphate was observed the pomt was carefully studied 
b\ using different molar concentrations of the buffer salts {no hydrolysis could be 
r* Hr-cd tr tf c absci cc cj phospl ate) In the first of these studies (their Experiment 
lov concentrations \ ere emplo>cd at prO< 4 9 (pH 7 6) The results show 
that for tf.c range 0 COS to 0 05 m there is a h\pcrbohc rclaUonship between the 



CHATtLFJi J LYON 


609 



Log -pPO^ 

Fio. 6 Logarithmic plot of the rdatioii of pPO* to th« rate of hydroiyiis of 
ethyl tralyiate by pancraatlc Upaae, Data are taken from the irork of Platt and 
Dawion (1925) in which the pPOi was varied by the nse of varying concentrations 
of phosphate salts at conitant pH Each point represents the mean value of two 
readings. The equatKmi for the lines, together with the pH used for each, arc 
as follows 

Curve A (Hydrolj^) (pPO^)* •* - /T pH — 7 6 

B (Hydrolysis) (pPO<)*^ - iT pH - 7.2 

' C (Hydrolysis) (pPOd* * -K pH - 7 6 

D (Hydrolysii) (pPOi)’*** -K pH - 7 6 

The misprint indicated in connection with Curve C was obviously a fa 

one figure of the number given fa the original paper 
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amount of hydrolysis and the pPOi The logarithmic plot is given m Fig 6, 
Curv^e A, which indicates the relation 

(Hydrolysis) (pPO^)**^ « K 


The method of obtainmg the pP04 for the various concentrations is the same 
as that used in similar conversions for pH and was done by the use of the table of 
factors given by Clark (1922^) for this purpose Thus the pPO^ at 0 01 M (all 



Fig 7 Loganthmic plot of the relation of pP 04 to the acbon of pancreatic 
bpasc on tribut>Tm Data are taken from the u ork of Rona and Pavlovic (1922) 
The pPO 4 \\ as \ aned by usmg buffer solutions of pH 4 94 to 8 01 The equations 
for the lines arc 

for lipase from dog (o) iv (pPO^)^ K 

" " " (o) ~ir(pP 04 ) 2 " 

Each set of pomts is taken from a single experiment 

calculations v^crc corrected to this concentration) is 4 9 while that at 0 03 M is 
3X49 cr 03x39 uhich ispP 04 4 42 

In Fig 6 there are also shown the results of the remamder of the tests with 
charge of concentration at constant pH For the experiment shown by Curve B 
the pH V as 7 2 Hiib is nearer the optimum than was the case for Curves C 
and D in Inch the pH v as 7 6 Platt and Dawson comment on the difference m 


^ Clark (1922), p 456 
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fonn between these two types of curves as plotted ndng mohr concentiatkm and 
say that the farther the pH Is above the optimum, the more pronounced the cur 
vaUtre. This Is somewhat noticeable m Curves C and V when the data arc 
converted to a logarithmic plob However the conditions In the experiments were 



Log PPO4 

Fio 8 . Loganthmlc plot of the relatfccn of pPOi to the hydrolyil* of olrve oD 
by pancreatic lipase of the pig Data are taken from a single experiment by 
Umeda (1915) The pPO< was varied by the use of buffer solutions of pH 4.494 
to 7 731 The equation for the Ime as drawn is 

(Activity of enxyme) (pPO^)*-*^ » K 

essentially the tame as for those shown by Cur\T A (This was also our justlfica 
tion for suggesting the indicated mlsprmt in the data used for Curve C see legend) 
The equations for the four experiments in which the pPO 4 was altered by change 
of molar ooncentratiem are given in the legend of Fig 6 They differ from the 
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equation for the same relationship den\ ed b\ change of pH onh in the slope of the 
line, which IS also indicated b> the exponent of pPOi in the equation This 
diflcrcncc is directl\ attributable to the attendant differences m molar concentra- 
tion and h} drogen ion concentration The straight Imes on the logarithmic plots 
attest the hjpcrbolic relationship between pPO < and acU\'it}’' of the lipase, xt hefher 
tic concentration oj the POi*' xon be increased by decrease of pB or by vicrcasc of 
total salt concentration The slope mercl> measures the scnsitmU" of the gi\en 
sample of enzyme to the change m concentration of the PO ion under the expen- 
mental conditions imposed b} other factors 



Pig 9 A composite logarithmic plot of the relation of pPOi to tlie percentage 
h\ droK'sis of tnbuUTin b> the pancreatic lipase from beef pancreas Data arc 
taken from fi\c smglc experiments by Rona and Bicn (1914), each of which is 
represented b\ a broken Imc The equation for the mean line as drawn (sohd 
line) IS 

(H\drohsis) (pPOi)' os « a: 

The pPOi u as v aried b\ the use of buffer solutions of pH 4 S7 to S 5S 

Platt and Da^^^n also noticed that both a- and 6- sodium gl\ ccrophosphatc 
promoted the action of lipase to the same degree. The\ state their opinion that 
this indicates an effect b\ the phosphate ion The present anal>*sis confirms this 
obscr^’ation 

\nothcr recent measurement of the action of pancreatic lipases (punfied) on 
tnbut\Tm IS reported b\ Rona and Pa\ lo\ac (1922) The avaiilablc data arc \ cr> 
rreager but the uniformit\ of the results is c\adcnt from the form of the plots in 
Fig 7 Onh three measurements arc a\ aibblc for the hpase from dog pancreas 
ard there arc but fi\c for that from the human pancreas Each set of points, 
howc\cr lies along a straight line, the slope of which diffcrb for the two U^pcs of 
cnr^T'cs The * t v.scd as a measure of the actmtv of the cn2\Tnc w as calculated 
Bn the authors, from a monomolccular equation for the hjdroh-sis In each case 
the pro 4 "S' as altered b\ change oi pi I 
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The work of Umeda (1915) fumlahed a single set of readings of the hydrolysii 
of olive oil by purified pancreatic lipase of the pig in relation to PPO4 as caku 
lated from the pEL Theiipodasis was estimated by titration of the aod produced 
after 20 hours. Fig 8 shows the same hyperbolic rclatianihip to pPO^ Here 
the equation is 

(Activity of emyme) (pPOi)*-“ - K. 



Fig 10 Logarithmic plot of the relation of pPO| to the percentage hydrolysis 
of fat by pancreatic lipase of the pig (shown by (#) and solid hncs) and by Upue 
of the dnodmal juice (shown by (o) and broken line) Data are taken from single 
readings by Davidsohn in 1913 

Rona and Bien (1914) used a gljwin extract of lipase from beef pancrcaa and 
estimated the hydrolysis of tributyrin by a stalagmometric method This method 
IS not so acenrate as titration The results are converted into percentage of 
hydrolysis and plotted against PPO4 as usual In Fig 9 This is a composite of 
aeveraJ experiments, each of which is indicated by a broken line- The variation 
from the average line Is dne largely to the variation in the activity of the sample 
of enzyme used Each experiment gave a straight Ime plot and the mean slope 
I5 — 1 08 Therefore the equation is the same as those derived from later 
meazuiements. 

In Fig 10 are shown the results from a still earher report (I>a\idsohn 1913) 
of b>’drolyiis of fat by pancreatic hpasc of the pig This is the only case we have 
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found m ^\hlch nil (he points do not lie nionp: n strnirht line on (hr r/ 

The two solid slrnight lines in the figure nrc drnv n in rcs)ccl to the rendu fro n 
three cxpcnmcnls with Iipisc direct from the p 1 ncrcn^ one «-'>mpIc o \ hirh \ ns 
obvious!) more netne linn the other tv o J hese dnln clcnrh exhibit tl c 
1 ) 7)0 of relationship ns has been demonsirnted in the prc\ lous nnni) *'c- 

TJic otJicr points (*o ) on this compo'^ilc plot rcprr'icnl dntn from a nu*^! of 
single measurements with Iipnsc contained in the duodenal jincr 11 c nir cd, 
broken line roughh indicates Uie trend of these points plottcrl o\ cr a \ ule c 
of pH and pr 04 The points at the extremes could be acco mted for on the b*' t 
of the unfa\orablc pH of tlie media IIov c\cr, the distribution of *'11 tl r p^iint*' 
IS not onlv aer\ irregular but uncertain Jhis is due to tlic conifjo itc nature o' 
the data, the use of tlic stalagmomctnc mcthcKl of anal\*^i*^ the \arnlion in the 
total concentration of phosphate buffer salts, and the inal>dit\ to correct fu’* all 
such factors in con\crtmg to prOi because of tlic incomplctenac of the ‘■tatement 
of experimental procedure I'hc relationships exhibited b\ our other analv'^e^ o*” 
lipase studies and Uic recent demonstration I/) Platt and Da '•on of an ab-o!utc 
dependence of pancreatic hpasc, also of the pig, upon the presence of at Ica^'t 
phosphate, appears to outweigh the doubtful c\idcncc from the c older results 
regards tlic hpasc obtained in a different medium 

From these analyses of the relation of lipnsc, peroxidase, and pos- 
sibly laccase to phosphate solutions, it seems quite certain tint the 
PO/" ion acts as a promoter of their actiMtics llic mathematical 
statement of tlic relationship is like that for the effect of phosphate on 
the production of CO 2 by living cells There is then c\cr} reason to 
behove that the active component of such phosphate solutions is 
the PO/" ion, acting as a promoter catalyst Tlic \ cry fact that the 
mathematical expression of the relationship is of the form 

(Acti\ it> of cnz^^rlc) (pl’Oj) « A 

IS of itself an additional proof, for the term “pPO^ ’ is a direct measure 
of the potential of the PO/" ion in a given solution The in\ersc 
proportionahty expressed by the equation is rcallj a direct proportion 
because of the peculiar method of statement of the potential 

In the case of plant respiration the exponent of the pP 04 term vas 
found to be 1 The corresponding exponent in the ease of peroxidase 
was essentially the same (1 34) Although an ex-ponent of this order 
was also found for a few cases m the hpasc analyses (r/ Figs 5, 7, and 
9), the value 3 or 6 vas more charactenstic of lipase (cf Figs 6 to S) 
The agreement of the numbers of the “oxidase” group of cnzjTnes is 
significant while the question of sensitivity of hpase (measured by 
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the value of the exponent, n) to the phosphate Ion is beyond the im 
mediate scope of our problem 


m. 

BUMUAaV 

The active component of phosphate solutions, m relation to pro- 
moter action on oiidismg enzymes, is the PO/" ion This is shown by 
the demonstration of a hyperbolic relationship between per cent pro- 
duction of COf (of Elodca) and pPOi, the measure of the phosphate ion 
potentiaL This is consistent with the rate of respiration as affected 
by changing pPOi through change of total phosphate concentration 
while pH is kept constant The equation for this relationship is 
(CO» - o) (pP04 - t) - ^ 

where a, b, n, and K are constants and n "" 1 
The same relationship to phosphate Ion concentration, expressed 
by the equation 

(Activity of ctuyiDe) (pPOO* — K, 

where n and K are constants and n vanes from 1 to 6 under different 
conditions, appears to hold for some other enzyme actions, including 
those of peroxidase and pancreatic hpase, 
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ARSENATE AS A CATALYST OF OXIDATION 

By CHARLES J LYON 

{From tht Laboratory of GfJteraJ Pkystolosy, Barrard Unvxrtiiy Cambridgt ) 
(Accepted for puWkatloD, January 5, 1927 ) 

In connection with another paper describing the catalytic rdle of 
phosphate in plant respiration (Lyon, 1927) bnef mention is made of 
some openments m which the effect of arsenate on plant recitation 
and on oxidation was observed qualitatively A catalytic effect is 
found m both cases. The importance of this hitherto xmconsidered 
property of arsenate seems to justify a more detailed report of expen 
ments which have been extended m order to provide more data 

It should be borne in mind that the present discussion of the catalytic 
effect of arsenate does not detract from the apparently unique rftle 
of phosphate as a non tone promoter catalyst for the respiratory 
enzymes The same concentration of arsenate which momentarily 
increases the rate of production of COj by living tissues soon exercises 
a toxic effect 

There are sevcrel ruggestive items of evidence to be found In the liteimtore 
regarding the effect of arsenate lalti. Most of those to irhich we shall refer 
have resulted from compadsoos of arsenate with phosphate m models or isolated 
phases of respiration. These are therefore particularly valuable items of evidence. 

In the oiidatloa reduction system of Hachn and PQk (1924) a supposed deavnge 
of water molecules is effected by means of a combination of amino aad and phos- 
phate. At least the presence of these two reagents in aqueous solution results In 
an oddation of acetaldehyde and a reduction of methylene blue, at relatively 
high temperatuits, Aiacnato was found to be equally effective when substituted 
for the phosphate. 

Meyerhof and Matsuota (1924) have repeated and extended the observations 
of Warburg and Yabusoo (1924) on the oxidation of fructose by pure oxygen in a 
solution of phosphates presumably containing Iron salts. They found that ar 
senates could be used In place of phosphates without destroying the effectiveness 
of the iron catalysis. 

The substitution of arsimate for phosphate In alcoholic fermentation cannot be 
y n p rlff to thc citcnt of E Complete replacement of phosphate- Some phosphate Is 
617 
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essential to the formation of hexese plio'-plmtc, nn cter of licxn-c nnrl potT-mm 
phosphate This ester is contininllj htmft formed and dtrompired hv frrt->n 
enrymes Harden and ^ounj; (1911) did obscnc that ar'^mte could replace 
phosphate in tlic sense tint the latter causes an incrca'-c in tin protluctioa of ( O 
(and alcohol) rhe\ attributed this effect to an increased acti\it> o' htxo'c 
phosphatase, the enrjme which splits the ester 

When Harden and Henlc\ (W2) rcaicwcd the vorl oi V.it'einann (1920) 
on the oxidation of glucose by H;Oj ns affected by pho'phatc, thc\ s c'c inrbncrl 
to the view tint tlie buffered solution of phosphates aided the reaction t>\ the effect 
on the peroxide They demonstrated a quahtatnely similar actio i b\ other '->115 
such ns carbonates Howcacr, their results show a ••pecnl c.Tcct of jiho'pl ->tc^ 
and arsenates over and nboac the buffer action f hi'' effect ha ne\tr been clearU 
explained 

Our first experiments with nrsenates consisted in adding them to 
slowly oxidizing solutions of p>TOgallol and to slowly rtspmng tissues 
of Elodca canadensis 

Whenever a few drops of arsenate solution — either the all aline 
(pH = 9 IS) solution of disodium arsenate or the same solution brought 
to pH 7 0 with the same molar concentration of arsenic acid— are 
added to a relatively large volume of a solution of pjrogallic aad 
there is a rapid coloration of the solution 1 his indicates an oxida- 
tion of the pyrogallol, the end-products being jiurpurogallin, carbon 
dioxide, and y\atcr It is a matter of hours before the usual slow 
oxidation forms sufficient purpurogalhn to gi\c a pale straw color to 
the solution, but the addition of arsenate proyides the same color m 
not more than 2 mmutes The effect of arsenate is qualitatucly the 
same as that of phosphate (c/ Lyon, 1927) 

In a typical experiment 5 drops of a 0 OSS m solution of disodium arsenate arc 
added to 15 or 20 cc of 1 per cent solution of py rogallol For the control there is 
added the same number of drops of a solution of NaOH which has been diluted 
until the hydroxvl ion concentration is the same or greater than that of the arsen- 
ate solution Tlic diCfcrcnce in color betw cen the experiment and control increases 
rapidly during the 1st hour or 2 and is more marked near the surface of the solu- 
tion The difference is maintamed for days and weeks while both solutions be- 
come yellowish, then browai, and finally brownish-purple No prcaaous mention 
of such an effect has been found 

In Fig 1 are shown six mdividual tune curves of the rate of produc- 
tion of COj by Elodca canadensis These expenments w'cre earned out 
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according to the technique described m a previous paper (Lyon, 1923 
24), using a form of the apparatus described by Osterhout (1918-19) 
The normal rate of production of CO* by the untreated tissues is taken 
as 100 per cent The subsequent changes in the rate are mdicated by 
a curve smoothed through pomts each of which represents the rate 
measured at a certam tmie after the addition of a suffiaent volume of 



Fro 1 The effect of 0 1 u neutral arsenate sdatfona on the prodoctfoa of CO» 
by Elodta Each curve represents a single experiment- The normal rate before 
the addition of arsenate is taken aa 100 per cent. 


a concentrated solution of neutral mixtures of disodium arsenate and 
arsenic aad to give an effective concentration of 0 1 M 
The fall of the first readings below normal is to be regarded as the 
result of the Increased COrabsoiphve capaaty of the diluted solu 
tons of arsenates (^ Fig 1 m Lyon, 1923-24) The nse of each curve 
above the 100 per cent level shows the manner m which the rate of 
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production of CO* is uniforml> increased after about 1 hour TTic 
smiilanty of this part of each cur\’c is ith tliat of the indii idual curv es 
for the effect of phosphate (/or cit ) is evident Tins close parallel 
may lead us to bcheve that arsenate also acts as a catalyst to the 
respiratory enzjTiies of Elodca 

The difference in the effects of arsenate and phosphate is shovai b> 
the difference in their time curv’es after the 1st hour With arsenate 
the toxic effect is shoisai by the gradual decrease in the rate of produc- 
tion of CO; until the rate becomes slow cr than the normal W ith 
phosphate no such toxic effect is obserxed The differences to be 
noted among the scxeral individual expenments arc to be attributed 
to the different rates at which the sexcral lots of plants showed sus- 
ceptibility to the toxic effect of the arsenate 

Until this apparent catalytic effect of arsenate has been demon- 
strated in a greater number of cases we may not go far in using the 
prmciplc in an mtcrpretation of tlie general action in organisms We 
■would, however, point out a possible relation of this cataUsis to three 
of the four cases cited to show how phosphate max be replaced b\ 
arsenate In the system used by Ilachn and Pulz, in that of Mex er- 
hof and Matsuoka, or m that of Harden and Henlei, , the substitution 
of arsenate for phosphate may be possible because cadi acts as a 
catalyst m the system For example, m the case of the oxidation of 
fructose by pure o-^^gen in the presence of phosphate or arsenate and 
of iron, the phosphate or arsenate may act as a promoter catalxst to 
the slow or potential oxidation of fructose by iron 

To test the principle involved m this hj^othcsis w c hax e performed, 
xvith arsenate, expenments comparable xx ith those reported clscw here 
for phosphate (Lyon, 1927) Into eadi of four tubes xxcrc placed 15 
cc of a 1 per cent solution of pjTOgallol Additions of substances 
selected for an analysis of their effect on the rate of oxidation xxere 
made as follows (1) 4 drops of 0 34 m neutral arsenate muxture, (2) 
the same plus a small, dean, iron nail, (3) 4 drops of xx atcr plus a simi- 
lar iron nail, (4) 4 drops of xvater No 4 xxas a control and the rate 
of oxidation xvas so sloxv that no important color change could be 
observed for hours The arsenate m 1 induced a visible production 
of color after not more than 2 minutes Essentially the same color 
appeared m 2 above the nail and even less color finallj’’ came m 3 
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above the nail than in 4 But at the surfaces of the iron there appeared 
strongly colored regions The region in 2 was much greater m volume 
than that m 3 but was violet purple in contrast with the pure purple 
about the iron m 3 

Dunng the remainder of such an expemnent the tubes were fre- 
quently stirred m order to avoid gradients in the con centra tiona of 
oxygen and oxidation products throughout the solution, particularly 
m the vicmity of the iron This procedure caused no change m the 
apparent color of the oxidation products, but after 2 to 4 hours it was 
observed that the density of the coloration in No 2 was much greater 
than that m either 1 or 3 To determme whether this was any- 
thing more than the additive effect of the two catal5Tit3, the color was 
compared with that of a mixture of equal parts of 1 and 3, car^ 
being taken to equalize the dilution effect of the mixture. The result 
of such compansons showed that the color in 2 was of a density 
greater than the purely additive effect would account for It thus 
fully supported the hypothesis that arsenate can function as a 
catalyst to an iron catalysis — the so called ‘^promoter effect ” 

These expenments have been repeated many times with uniform 
results, and likewise with pure iron wire to show that the iron m the 
nail alone catal3?zed the oxidation Attempts to obtam time curves 
for these e:q>enment9 have been prevented hy inherent difBcolties. 
It IS possible to find a suitable color standard for cither the coloration 
produced by the arsenate and iron actmg together, or for that of the 
color of the mixtures of solutions m which each acts alone, but the 
same standard will not do for both This is due to an excess of pure 
purple produced when they act together and which la of itself a dem- 
onstration that the arsenate influences the action of the iron as a 
catalyst By defiiution this is a promoter effect and corresponds to 
the observed effect on the respiratory enzymes of Elodea up to the 
time when it was masked by the tone effect 

sumhahy 

Arsenate exerts a catalytic effect on the oxidation of pyrogallol 
by atmoqihcnc oxygen, on the catalytic oxidation of pyrogallol by 
metallic iron, and on the presumably enzymatic production of COi 
by Elodea canadensts 
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A THEORETICAL CONSIDERATION OF THE ACTION OF 
X RAYS ON THE PROTOZOAN COLPIDTUM COLPODA. 


Bv HARRY CXARK, 

(Prom the Lahoraloncs of The RochtJtUer Imtiiule for lledical Researth ) 
(Accepted for publication, February 7, 1927 ) 

L INTRODUCTION 

To show that the variation m reaction among the individuals of a 
group of apparently similar organisms fits a probability curve is, of 
course, not an end in itself, but rather a basis of conjecture as to the 
mechanism which provides the random element without which the 
theory of probabflity is meaningless It is generally assumed that 
the reactions of vanous individuals differ because the mdividuals 
themselves are different It is mterestmg, however, to consider the 
possibihty that in some cases, where the organism la relatively simple, 
the mdividuals arc essentially similar and the random element is 
inherent in the agent or m its prnnary effects For example, if the 
agent is radiation, the quite generally accepted theory of absorption 
m quanta provides the necessary random element, and it may be that 
this is sufficient to account for the variations which we observe m the 
reaction to the rays of apparently similar simple organisms 

In his recent work on the action of x rays on Colpidtum colpoda, 
Crowther^ finds that if he plots the number of survivors agamst the 
dose of radiation administered the result is a sigmoid curve, and, 
assuming the animals to be essentially alike, be shows that this is the 
kmd of curve to he expected if the animal dies as a result of a certain 
number, n, of discreet events or *‘hits,'’ all equally effective, and If 
the probabibty i>er unit dose of making a hit is constant He finds, 
further, that theoiy agrees quantitatively with experiment when 
X«, the probability per e umt of dose, is 5 9 X 10"^, and « (for im 
mediate death) is 49 

To account for this very small value of X,, he makes use of an mter- 

* Crcrwther, J A , Proc Roy Soc tondonf Strife J?, 1926 c, 390 
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csting h}'])otliC‘?is, uhlcli he advanced some time ago" for a similar 
puqjosc, that tlie cfTcct is confined to some verj small body or struc- 
Uire inside the animal In doing so, he introduces certain difficulties, 
in my opinion No general objection is raised against this hypothesis, 
whicli ^\c may refer to as the “small-body theoiy ” In this particu- 
lar case, however, it appears to be inconsistent with the phenomenon 
whicli it was devised to explain, unless it is supplemented b\ certain 
rather novel assumptions as to the nature of the deslrucli\e effect of 
radiation on tissue The nature of these assumptions w ill be brought 
out in what follows An alternative explanation of the small \alue 
of X, wluch does not involve the small-bod> thcorj will also be 
suggested 


II Primary and Secondary Effects of X-Rays 

The pnmary effect of \-rays on the light atoms of which In mg 
matter chiefly consists is the ejection of a high speed electron from 
some of them chosen at random in both space and time Each of 
these pnmary electrons lonircs a large number of other atoms b\ 
colbsion before it comes to rest This sccondaiy loniaation appears 
to be the only effect wduch wt need consider There is no good reason 
for su^jposing that the atom from whicli a pnmar}' electron has been 
ejected is the seat of any considerable part of the destructive effect, 
the dismtegration of the particular molecule which contains this 
atom can scarcely be thought of as being more important, in general, 
than that of any other molecule There is, on the other hand, plcnt> 
of evidence in favor of the view that the destructive effect is asso- 
ciated with the ionization produced by the high speed electron, in 
companson with w'hich the lomzation by direct absorption of the 
rays is neghgiblc In very simple photochemical systems, the reac- 
tions produced by x-rays or by a- or /3-rays proceed at a rate which is 
directly proportional to the rate of ionization, it would be rash, of 
course, to assert that this is true in the ease of tissue destruction 

If the x-rays are monochromatic, the pnmary electrons are all 
ejected with the same speed and energy, they travel approximately 
equal distances before stopping, and they knock off about the same 


® Crowther, J A , Proc Roy Soc London, Senes B, 1924, xcvi, 207 
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number of secondary electrons. The vanous quantum events or 
units are, therefore, much alike. Likewise, the events which consist 
in the production of the various secondary electrons are alike in one 
respect at least — all of the electrons have the same properties. 

Doubtless one or the other of these units corresponds to the hit 
mentioned above In what follows, I shall refer to the release of a 
secondary electron as an ekctron-kit, and to the emission of a primary 
electron wth its attendant phenomena as a quantum-kxi The umts 
of destructive effect dealt with in Crowther’s analysis will be called 
ejfftdm Inis 

III Some Quaniiiaitve Esiimaies 

Crowther used the K radiation of molybdenum, the a. lines of which 
have a mean frequency of 4 23 X 10‘* per second The primary 
electron is thus ejected with an amoimt of energy, Af, equal to 2 76 X 
10“* ergs. Dmdmg this by 5.5 X 10““ ergs, the work required, on 
the average, to release a secondary electron in air according to Ruther- 
ford,* we find that each primary electron releases about 500 secondary 
elections This number will be denoted by 

The fourth power law, together with Whiddmgton^s* constant for 
air, shows that the maximum path length of the primary electron in 
air must be about 2 cm The value taken directly from one of 
Sadler’s* curves Is 22 cm. Evidently the law holds nicely even for 
these very soft rays In tissue, assumed equivalent to air of umt 
density, the maximum path, L, is, therefore, about 2 6 X 10"* cm. 

The paths of the pnmary electrons are, in general, not straight, 
and, in consequence, the distance in a straight Ime from the beginning 
to the end of the path is generally less than L Consider a plane layer 
of air, the thickness of which, x, is uniform and somewhat less than 
L If a great number of electrons enter this layer through one of its 
faces, all with the same speed, but in all possible directions, some of 
them will emerge from the opposite face with some part of their 
o rigina l energy A fraction, then, of the energy which goes into the 
layer on one side comes out on the other side Sadler* has shown that 

•■Rutherfoni, E , Radioactive substances and thdr radiations, Cambndgo 1913 
159 

* Whlddington, R, Proc. 2&iry Soc London Series A 1911-12 Ixixvi 360 

• Sadler C A, PhQ Uag Serses 6 1910 rk, 337 
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mateiy of \mit density, an e dose corresponds to the production of 
1 63 X 10“ secondary electrons per cc. of tissue This number will 
be called E, 

IV The Small Body Theory 

That has been found to be very small shows that very few of the 
hits received by the animal, whether electron hits or quantum hits, 
are effective From the fact that the atoms from which the high 
speed electrons are ejected are distnbuted at random in space, it 
follows that the probabihty that a high speed electron will be ejected 
from withm any small portion of the animal is directly proportional 
to the volume of the portion considered and mdependent of its posi 
tion The same is true of the probability that a secondary electron 
will be released withm the portion considered, provided, of course, 
that the volume is such that the electron hits occur independently of 
one another Assummg that the destructive effects are confined to 
some small body withm the animal, we may assign volumes to this 
body such that either of these probabflities will assume any desired 
value,— m particular the value 5 9 X 10“* m which case every hit 
withm the small body will be effective. On the hypothesis that the 
electron hit corresponds to the umt of destructive effect, the diameter 
of the body (assumed approximately sphencal) must be about 8 8 X 
10“* cm Similarly on the quantum hit hypothesis, the diameter is 
about 7 0 X 10"* cm.’^ 

Let us now mquire whether this theory is consistent with the postu- 
lates on which the statistical treatment of the problem is based The 
postulates are (1) that all effective hits are equally effective, and 
(2) that X 13 constant. 

Let us consider first the bearmg of the electron hit hypothesis on 
the small body theory L, the path length of the primary electron, 
iB 29 4 times the diameter of the small body appropnate to the hy- 
pothesis that the mdividual secondary electron corresponds to a umt 
of destructive effect. Smee 500 such electrons are released by the 
primary elfectron m traveling a distance equal to L, it is evident that 

f As tlie result of an error in calculation which Dr Crowther discovered after 
publication, the diameten assigned to the body m his paper differ somewhat from 
those given above. 
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in most cases, m liicli a high speed electron tra\ erses the small l)od> , 
it wall release more than one secondaia electron inside it 'I'hose 
c\cnts, then, wluch arc at random in time, arc not the electron-hits 
at all, but rather showers of electron-hits, and the number of electrons 
per shower must \ar%' within \cr\ wide limits, because the intensities 
of ionization, at the beginning and the end of the path, rcspcctnclj , 
differ so much, and because the length of the path through the bod\ 
\ ancs from zero to the length of the diameter, — c\ en more if the path 
IS not straight The a\cragc number of electrons per shower is, of 
course, \cra’ great in the case of pnmar^ electrons which enter from 
outside and come to rest inside the bod\ , and corresponding!} small 
for those which are ejected from within the bod} Tor pnmar} 
electrons which pass through the bod} , the a\ crage number of sccond- 
anes per shower is about 11, since the mean length of a great number 
of straight paths through a sphere, chosen at random, is equal to two- 
thirds of the diameter Electron-hits arc not then at random in 
time — not even approximately so — and jxistulate 2 is not fulfilled 

It is apparent then that we must abandon either the electron-hit 
idea or the small-body theor} 

We ha\ e now to deal wath the quantum-hit h}-pothesis in its relation 
to the small-body theor}' Let us assume for the sake of the argument 
that the distnbution of the destnictne effect along the path of the 
pnmar}' electron is the same as that of the sccondar} ionization — 
which would be true if we w ere deahng wath a simple photochemical 
s}'stem It is e^adent that some of the pnmar} electrons, ejected 
from atoms mside the small-body, must escape from the body with a 
considerable part of their imtial energies Likew ise, other high speed 
electrons, ejected from matter outside the small-body, wall enter it 
before commg to rest. In these cases, the effectneness of the hit 
wall be less than m the cases in which the whole path hes mside the 
body Hits of this kmd wall be referred to m what follows as “partial” 
hits 

The relative number of partial hits cannot be so small as to be 
neghgible On the quantum-hit h}q)othesis, the diameter of the small- 
body IS 7 0 X 10“^ cm , whereas L is 2 6 X 10“* cm , ? c 3 7 times the 
diameter In order to make a vei}' rough estimate of the relative 
importance of the partial hits, we set i equal to 3 5 X 10-^ cm , the 
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radius of tie sphere, in tie expression discussed in Section m, 
and we find that, of the energy associated with high speed electrons 
ejected from points midway between the faces of a layer of tissue of 
thickness equal to the diameter of the small bod>, 66 per cent escapes 
from the layer If we say that 66 per cent of the electrons escape, 
we shall make an underestimate, for each of the escapmg electrons 
has lost a part of its imtial energy If we say that 66 per cent of the 
high speed electrons, ejected from the center of the small body, 
escape we shall underestimate the number still further, because the 
radius of the sphere is much smaller than the mean of the distances 
between a pomt in the middle of the plane la> cr and the pomts where 
the electrons escape from the surfaces of the layer 

Of the high speed electrons ejected from the center of the small 
body, then, at least 66 per cent escape, of those ejected from pomts 
near the surface of the body, at least 50 per cent escape Let us say 
that at least SO per cent of all high speed electrons released within the 
small body escape from it Now for every one which escapes, another 
enters from outside. The whole number of hits, both total and partial, 
t e the whole number of those events which occur at random m tune 
13 then mcreased by 50 per cent and two-thirds of them are partial 
hits. To keep the whole number down to 49, the body must be made 
smaller, and this wiB make the relative number of partial hits still 
greater; From what has been said m Section HI about the distiibu 
tion of ionization along the path it appears that we must give up cither 
the small body theory or the idea tliat tJit distrUniiton of the desinictwe 
e£ect along the path of the htgh speed deciron ts similar to Uiat of the 
ionization 

It IS conceivable that the destructive effect, though brought about 
by ionization, is not measured by it, that it is conditioned m some 
way by the density of ionizafaon or otherwise It might be supposed, 
for example, that at the end of a path a small portion of tissue is 
mjured so seriously that repairs are impossible, that at other pomts 
along the path the injury, bemg diffuse, is rapidly made good. If this 
were true and if the permanent mjury which corresponds to an effec- 
tive hit were confined to a very small region — to 1 per cent, let us 
say, of the path length, no objection could be raised against the small- 
body theory 
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certain particular electrons The problem cannot be analyzed, of 
course, too httle is known about the fine structure of matter In 
what follows, an attempt will be made to estnnate the vanous quanti 
ties mvolved m the relatively simple case where V is formed when A , 
represented by an idealized molecule, loses one particular electron 
It will be assumed that in a microscopic sense the molecules of A are 
at all times distributed at random m space insofar as the fimte size 
of the molecule permits, — the arrangement to be expected m a solu 
tion It will appear further on that the molecule would have to be 
extremely large to have an appreaable effect on this distribution, it 
will be assumed tentatively that it has none. 


MtdhpJc Effective Btls Made by One Quantum 

Let us assume for the moment that, m the ordmary sense, Y is 
distributed uniformly throughout the whole volume of the animal 
If the probabihty that a quantum, falhng entirely inside the animal, 
wiU make an effective hit be represented by and if K be the volume 
of the animal, then 




E, V 


( 1 ) 


V may be taken as lO"' cc. Usmg the value of X, given by Crowther, 
and the values of Eg and E found m Section HI, we find that p — 
1 8 X 10“* Now it IS not the quantum as a whole, but rather the 
mdividuol secondary electrons which correspond to the hits. In the 
language of probabihty we may, therefore, speak of the number of 
“tnals" per quantum If the molecule of Y were so very small that 
it would never lose two or more electrons, the number of tnals would 
be equal to Eg If the molecule were larger, the number of tnals 
would be less than Eg When p is less than 1, a decrease m the num- 
ber of tnals, corresponds to a decrease m the ratio of ^ to />i, ^ being 
the probabihty that the quantum will make exactly r effective hits 
and P\ the probabihty of exactly one such hit For example, if the 
number of trials were 1, the probabihty of a multiple hit would be 
absolutely zero To find the maximum value of this ratio, which we 
may call Rr we take the number of t n als as infinite m which case 
IS p^^frX In particular Rg is p/2 or 9 0 X 10-^ 
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Rr IS SO small that \\ c may now reconsider the assumption that X is 
distnbutcd uniformly throughout the whole volume of the animal 
Other tlungs being the same, p is proportional to the number of mole- 
cules of X per unit volume m the region wlierc the quantum falls 
If m some part of the animal the concentration of X were 1000 times 
as great as the mean concentration, then in this part p would be 1 8 X 
10~*, only about one effective hit in a million would be a “double,” 
and one in less than 10‘^ a “tnplc” hit p, for a particular quantum, 
cannot, of course, be greater than tlie value corresponding to the 
maximum concentration which the pnmary electron encounters, 
the concentration may cliangc from point to point, therefore, as 
abruptly as desired 

It is evident, then, that effective hits are at random in time and 
that the molecules of X to be hit effectively arc chosen at random, 
even though no unreasonable restrictions arc placed on the wa> in 
which X IS distributed 

The Size of the Molecule 

We have now to deal with the slow change in which takes place 
in consequence of the fact that N is finite Let Pi be the probability 
that a destroyed molecule of X, chosen at random from among the 
whole number of those that have been hit, wall have lost exactly one 
electron, and let P' be the probability that a molecule, chosen at ran- 
dom from among all those which have lost exactly one electron, will 
have lost the particular electron required In the normal case, the 
making of n effective hits corresponds to the destruction of n/PiP' 
molecules of X, and, therefore, n/NPiP' represents the relative change 
m X. This latter quantity must then be small, just how small is a 
matter of judgment It ought certainly to be smaller than the errors 
m experiment, and the results of Crowther’s expenment fit the theoreti- 
cal curve very mcely The values of Pi and P' depend on the proper- 
ties of the molecule of X As the volume, v, and the complexity of 
the molecule mcrease, both Pi and P' dmumsh, furthermore, since 
Nv may not be greater than the whole volume of the ammal, the 
maximum value which we may assign to N dimimshes The hy- 
pothesis IS, therefore, consistent for a given value of v provided the 
correspondmg value of NPiP' is sufl&aently large in companson with 
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n and provided the value of PiP^ appropnate to a molecule of volurhe 
V IS not so small that N has to be greater than V /v It is obvious 
that these conditions are more easily fulfilled the smaller and simpler 
the molecule. We have to find out, if possible, whether or not they 
arc fulfilled when the molecule is fairly large 

In order to estimate Pi and P^, it is necessary to make certam 
idealizing assumptions as to the nature of the molecule and to assign 
a definite size to it To make it possible to treat Pi statistically, it 
is assumed that the molecule will behave as though its electrons were 
distnbuted at random inside a sphere, the volume of which is the 
same as that of the molecule, the probabihty of releasmg an electron 
being the same for all of them For convenience, the diameter of the 
sphere is set equal to 10~^ cm The volume is then equal to that of 
the molecule of oleic aaif according to Langmuir ■ 

In the case of a complex orgamc molecule the electrons must be 
fairly evenly distributed throughout what we call its volume, t e the 
room which it occupies when stacked with other molecules to consti 
tute matter m the soUd state. Such a distribution, together with 
the movements of the electrons, and the random orientation of the 
molecule with respect to the path of the high speed electron may rea- 
sonably be thought of as equivalent to a random distribution The 
probability that an electron will be released from the molecule is 
then directly proportional to the path length through the molecule. 
The constant of proportionahty will be nearly enough equal to that 
for tissue m general, if we assign to the molecule the same number of 
elections as that in the molecule of oleic aad, t e 158 P* will then 
be 0063 It will appear presently that, for a molecule of this size, 
the conditions imposed by the size of the animal and the desired 
constancy of ore fulfilled with a maigm of safety which is so great 
that the errors mvolved in idealizing the molecule need not be small. 

We must now try to estimate Pi Smee the particular electron to 
be removed may be anywhere, we must suppose that it is m the worst 
place ♦ c at the center of the sphere. It will have the same chance 
of bemg hit wherever it is, but if it is at the center, the primary elec- 
tron must traverse the longest path through the sphere to reach it, 

• Langmnlr, L, / Am. CkevuSoc 1917 mix, 1848. 
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and the probability of removing two or more electrons from the same 
molecule increases with the path length It has been shown in Sec- 
tion III that, on the average, 30 per cent of the ionisation, i c 150 
secondary electrons, he in the first half of the path of the high speed 
electron, and that even at the midpoint of the path, consecutive 
secondary electrons arc no closer together on the average than 7 3 
X 10~^ cm , w'hich is over seven times the maximum path length 
through our molecule Let us confine our attention to the first half 
of the path for the moment If the high speed electron were shot 
into a solid mass of A', the molecules being lined up in such a wa> that 
it w'ould traverse a diameter of each, only about one molecule in seven 
at the midpoint of the path would lose an electron MHicn w c remem- 
ber that electrons arc released farther and farther apart as w c go from 
the midpoint toward the beginning of the path, w c sec that the number 
of cases in which a molecule loses tw'o or more electrons must be very 
small m companson with the number of those in which it loses only 
one We shall make no great error if we assume that all hits in the 
first half of the path are “single hits ” There arc, undoubtedly, 
many smgle hits in the last half of the path, w'hcrc the ionization is 
more intense, but we shall ignore them in order to make sure tliat w c 
are not over-estimatmg Pi The total number of single hits is then 
equal to 150, the number of electrons in the first half It should be re- 
membered that we assumed that the path foUow's the diameter of the 
molecule for the purpose of estimating the relative number of double 
hits The number of single hits just found, 150, has nothing to do 
with the exact location of the path 

Now Pi is, in the long run, the ratio of the number of molecules 
which have lost one electron to the total number destroyed by tlie 
loss of any number of electrons For the average quantum, falling in 
a mass of X in the pure state, the whole number of molecules destroyed, 
which we will denote by M, must be less than 500, for some of the 
molecules lose two or more electrons If all of the electrons in the 
last half of the path were lost by the same molecule, an absurd assump- 
tion, Af would be 151, and Pi would be 1 If all of the hits in the 
second half of the path were doubles, AI would be 325 and Pi w'ould 
be 46 This is the mimmum value of Pi To sum up— Pi hes some- 
where between 46 and 1, and M hes between 150 and 500 Even 
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though the value of Pi depends in part on M, we must consider the 
limiting values separately 

the probabflity per e unit of making an effective hit^ is given by 

( 2 ) 

Substitutmg the hmiting values of if, found above, we see that 
^PiP' must he between 6 9 X 10* and 2J3 X 10* To be on the safe 
side, we use the smaller of these numbers to test the constancy of 
« -t- NPiP' — 7 1 X 10“* In the normal case, X, may change, 
then, by as much as 007 of 1 per cent Such a change is too small to 
consider 

Now we consider the maximum value of N To make N as large 
as possible, we divide the greater value of NPiP'^ which is 2 3 X 10*, 
by the nuntmum value of PiP'j which is 46 X 6 3 X 10*^, and N 
comes out to be 8 0 X 10* The total volume of X m the animal is 
then 4 2 X 10~“ cc., which is only 4 2 X 10“^ times the volume of the 
animal The “volume” concentration of X is then only 0004 of 1 
per cent, it is, of course, so small that cases wdl be very rare m which 
the finite size of the molecule mterferes with the assumed random 
distribution 

The margms of safety m the vanatlon of X* and in the total volume 
of substance A are obviously so great that the error mvolved m 
assuming that the real molecule behaves like the ideal one may also 
be very great without rendenng the general hypothesis untenable 
There can be httle doubt that, if an effective hit corresponds to the 
removal of a particular electron from a molecule of X, the molecule of 
X may be fairly large and complex 

VL CONCLUSION 

If we accept the idea that the reactions of hvmg matter to x raj’s 
are the result of lomzabon, wc find that Crowther’s small body theory 
serves to eiplam the ^miall value of X only provided it be assumed 
further that the imit of destructive effect which corresponds to an 
effective hit is assoaated with the quantum and that it is localized 
in a region the dimensions of which arc very small in comparison with 
the path length of the hi^ speed electron 
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It is suggested that there exists in the animal a substance, X dis- 
tributed throughout a considerable part of the tissue, a molectde of 
which turns into a molecule of a substance F when it loses a particular 
electron, and that the formation of a molecule of substance F consti- 
tutes an effective hit This hypothesis seems to be consistent if the 
molecule of Z is not too large There is, of course, no good reason 
for supposing that it is the true explanation of the phenomenon It 
isput forward merely to show that we may accept the theory that the 
variations in reaction are inherent in the x-ray itself without arrpnt 
ing the smaU-body theory 

VIL SUMMARY 

1 The theory which Crowther has advanced to account for the 
variation of the lethal dose of roentgen rays among the mdividuals of 
a group of Colpidixm colpoda is reviewed 

2 It fe shOTn tlist the UM of his smaU-body theoiy to apkin the 
■ smeU value of K leads to certain further assumptions about the nature 

of the destructive effect. ^ 

3 An alternative hypothesis is discussed 
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INTRODUCTION 

The penod of growth of multicelltilar oigamsms, and of populations 
of organisms, may be divided into two fairly distmet phases (1) a 
self-^tccekratmg phase during which the time rate of growth increases 
with the mcrease in size of the organism or the population, and (2) 
a self tnhibtitng phase durmg which the tune rate of growth decreases 
with the increase m size of the organism, or population The question 
of mechanisms bringmg about the general similanty m the course of 
growth of animals, plants, and populations, need not be gone into m 
this place except to note that the course of growth is m all these cases 
governed, directly or mdirectly, by the same two primal forces (1) 
the force inherent m all orgamsms to reproduce at a constant per 
centage rate, and (2) the growth-mhibitmg forces resulting from the 
fimte nature of the universe in which the organisms find themselves 

The purpose of this senes of papers is merely to present quantlta 
tive analjrscs of growth curves, with special reference to developing 
methods for computmg ralional growth constants The first two 
papers' were concerned with the sdj inhsbttmg phase of growth, that 
IS the phase of growth following the major inflection in the tune curve 

* The principal portiotii of this paper have been presented before the Phyilologi 
cal ScctiOT of the Botanical Society of America, in Philadelp h ia, December 30 
1926. 

* Brody, S J Gen Pkytiol , 1925-27, vlH 233 Brody, S Sparrow, C. D^ 
and Klblcr, H, H / Gw. Pkyiiot^ 1925-26 ix 235 
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of growth This paper is concerned with the sdf-accchratmg phase 
of grois th 

ii 

Proposed Methods Jot Computing Gro-dih Rates 

Four methods have been proposed for computing growth rates 
1 The Method of Minot — hlinot computed the rate of growth In 
dividing the gam m weight dunng a finite imit of time by the weight 
at the beginning of the unit of time, as represented by the equation 


or 

n - — TT I ■= R n 1 (la) 

m which TT^ and TT'- are, respectively, the weights at the beginning 
and the end of the unit of time, R is the relative (or when multiplied 
by 100, the percentage) rate of growth 
Employmg this method he was led to the conclusion that, m w arm 
blooded anunals, the percentage rate of growth declmcs from 1000 
per cent per day shortly after fertilization, to 3 to 7 per cent per day 
at the time of birth or hatchmg 

There is this objection agamst the use of equation (1), for the self- 
acceleratmg phase of growth It is based on the assumption that 
growth is a discontmuous process, t c , that the merements are 
added at arbitrary tune mtervals, h, tt As a matter of fact, 
statistically considered, growth is a contmuous process, and the rela- 
tive rate of growth, must, therefore, be represented by the equation 

,, dW/dt 
k «= 

(2) 


or 


dW 

dt 




(2a) 


m which k is the mstantaneous relative rate (or when multiphed by 
100, percentage rate) of growth, correspondmg to i? m equation (1) 
The error mtroduced by the use of equation (1) is very consider- 
able, as may be seen from the foUowmg considerations 
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From equation (2), at tunc /i, the 
Tpe/ght, 7Fi, of the organism is repre- 
sented by the equation 

II 1 

At time /j, It 13 represented by 

n , - At^ (3a) 

Subtracting the former from the 
latter we obtam, 

Dividmg by (3), 

Tti rF> _ iift-tt) ^ 

Wi " * 

Trangxismg and taking logarithms, 

For 1 imit of time, 

* - 1* - /n (E + n (4) 

Numencal relations between the 
instantaneous rate of growth, and Rj 
the rate of growth as determmed by 
Mmot, may be computed by substi 
tutmg the values of m equation 
(4) The results for a senes of sub- 
stitutions are presented graphically 
m Fig 1 Fig 1 makes it clear that 
Minot^s method (equation (1)) can 
not be used for computmg the rela 
live rate of growth when the rate ex- 
ceeds 10 per cent for the unit of time 
under consideration 

2 TJtt Ueihod of Pearl —In 1907 



Fic 1 The relation between the In- 
crea$e in percentage rate aa computed 
by the logarithmic metbod and by the 
arithmetical method of Minot 


(3) 
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Pearl proposed tlie method for computing grouth rates represented 
by the equation 


d\V k 

17 ” /— 

which m the integrated form is, 

ir " A -h k In it ~ a) (5o) 

Equation (5) cannot, evidently, be used to represent grow th dunng 
the self-accelerating phase of growth, inasmuch as the time rate of 
grow'th IS represented by (5) to decline with time, while dunng the 
self-accelerating phase, growth increases with time 
3 The Method of Robertson — In 1908 Robertson suggested that 
the equation 

d\V 

~ ^ kW iA - (6) 

at 


or 


dW/dt 

ir iA - no 


(6a) 


may be used to represent certain phases of grow'th termed by him 
groioth cycles Equation (6) indicates that the velocity of grow th is a 
function not only of the size, W, of the organism, but also of growth 
yet to be made, (A-W) The objections agamst this equation are 
mdicated m the followmg sections 
4 The M ethod of Pearl and Reed — Pearl and Reed mtroduced the 
follo^vlng modification in the autocatalytic equation (6), employed 
by Robertson They replaced k, by “some as yet undefined function 
of tune,” F (t), “smee the rate of growth of W is dependent upon fac- 
tors that vary with time ” They then assumed that F (/) may be 
replaced by the senes 

kit + kt^ + + 

thus changmg equation (6) mto 

= F (1) kd + kxd + - + 0) 

W(4-W} J -T-. * T 
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They found the integrated form of equation (7) to be elastic enough 
to fit the growth curve of the rat beginning with 10 days after buth 
Smce, however, the period preceding 10 days after birth is an ex 
ceedmgly important one, and smce the constants m equation (7) 
do not have definite phjsical meaning (thus, when {A-W) — 1, 

— « hi + Ajf* + + I what is the physical meanmg of 

Jtif, ittP ?) therefore the method of Pearl and Reed is not suitable 
for the purpose imder consideration (which is to evaluate raHcml 
growth constants, f c , constants having well defined physical meaning) 


m 


Tht IStihoi Employed xn Tins Paper 

During the self-acceleratmg phase of growth, when the time rate 
of growth increases with the mcrease m the sire of the organism, it is 

reasonable to attempt to relate the time rate of growth, to the 
size, TV“, of the organism, by the function 


dWfdt 

w 


( 2 ) 


or 


— - IT 
di 


Cia) 


The first thought is that the constancy of k may be tested by Integrat- 
mg (2) and solvmg for k 


4 fa ^1 - 

ti- ti 

As a matter of fact this is an impractical procedure for two reasons 
First, It is not known for how long a period equation (2) represents 
the data, xe y U ^ h may represent more than one stage or cycle of 
growth, second, ratios are very sensitive to slight changes m one or 
both of the vanables This fact taken with the large experimental 
errors mvolved m this work, makes the results apparently erratic 
A better method is to plot the logarithms of the size, or weight, of 
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Incubation Age 


Fig 2 The course of carbon dioxide excretion in the chick embrvo with ad- 
vancing age plotted from data by Atwood and Weakley From 0 to 4 days, the 
instantaneous percentage rate of grow th appears to be 98 per cent per day (the 
amount of carbon dioxide excretion is doubled once m 7 day, or once in 17 hours) , 
between 4 and 14 days, the rate of increase in carbon dioxide excretion is 31 per 
cent per dav (it is doubled once m 2 2 days) The pause m the curve coincides 
with the maximum m the mortality curve (of Fig 3), and wuth the change in the 
mode of respiration (see text) 
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the organism, against age, smce the mtegrated form of (2) may be 
wntten 

TT - 

Therefore 


InW ^ In A kl 


If the data pomts of the logarithms of weights plotted against age 
are distributed about a straight Ime, then the percentage rate of 



Fig 3 Age change* In the percentage mortfllitj with Incrcaiing age in the chick 
embryo Open drdca represent mortalit} data of embryos Incubated in an 
incubator solid circles represent Incubation under hena. The fiirt peak In the 
mortahty curve corresponds vrlth the peak In the concentration of lactic aad as 
found by Tomita The second peak m the mortality curve com odes approxi- 
mately with the pause In the growth curves (Figs 2 and 5) 


growth, represented by 1(X) k is constant, and k is the growth con 
Etant we are seekmg Instead of plottmg loganthms of weights, 
we may plot the data on paper on which the axis of ordmates is divided 
logarithmically (» e on anthlog paper) 

IV 

The Results of Plotting Growth Data on ArUldog Paper 

Fig 2 represents the course of Increase m carbon dioxide excretion 
with age m the chick embryo, as plotted on anthlog paper The rate 
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of growth, aa measured by the increase in carbon dioxide production 
is constant between the 1st and 4th day of meubaUon The mcrease 
IS of the order of 100 per cent per day, and not 1000 per cent as po 3 tu> 
lated by hlinot From the 4th to the 15th day, the mcrease is like- 
wise constant, it is 31 per cent per day 
The pause in the curve between 17 and 19 days, is, no doubt, asso- 
ciated with the change in the mode of respiration (from the aquatic 



Fig 5 Growth m wet waight of the chlct embiyoa plotted from data by Lam 

ion and Edmond (Stom Agricultural Experiment Station) The curve appear* 
to coniist of four legmenta each of which represents growth at a constant per 
centage rate The panic in the curve between 17 and 18 days colnddci approii 
mately with the second peak in the mortality curve (Fig 3) Growth at an In 
stantaneoua rate of 56 per cent per day indicates that the body weight is doubled 
once in 12 days, at 36 per cent per day the body weight Is doubled once In 1 9 
days at 24 per cent per day the body weight Is doubled once in 29 days, 

to the terrestnal mode) which takes place at this time. Fig 3, 
representmg the course of mortahty, likewise presents a disturbance 
at this time The peak of mortality at 5 days also r^rcseUts a cnti 
cal period as mdicated by the presence of a peak m the lactic aad 
curve 

These results are quite unexpected and no doubt, new Students 
of animal growth have accepted the notion of Mmot that the per 
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ccntagc rate of growth declines in a continuous manner with age 
The breaks in the cuiw'es substantiate, m a way, the “human meta- 
morphosis” conception recently advanced by Davenport 
Fig 4 represents the course of carbon dioxide production plotted 
from data by other investigators The dilTerences between the 
curves m Figs 2 and 4 arc due to difTercnces m experimental procedure 
Figs 5, 6, and 7 represent the curves of growth m weight of the 
chick embiy^o There arc difTercnces between the weight and the 
carbon dioxide curx'cs, A\hich leave room for discussion There arc 
also difTercnces between the weight curves as plotted from data by 
different investigators These differences are probably due to differ- 
ences in the cx-pcrimcntal technique employed, especially differences 
m incubation temperatures That differences in temperature bring 
about changes in the growUh rates, especially m the earlier stages of 
incubation, is illustrated by Fig S 
Dunng postnatal life, the fowd grow's at 5 per cent per day up to 3 
weeks, and at 3 per cent from 3 to 12 weeks The major inflection in 
the curve takes place at the age of about 12 weeks 
It may be noted in this connection that the rat, guinea pig, cow , 
sheep, and probably other domestic animals, grow' at approximately 
the same percentage rate during the juvenile period (the stage pre- 
ceding the major inflection), namely, 2 to 3 per cent per day' Sian, 
however, grows during this period at quite a different (much lower) 
percentage rate 

The results obtamed with the domestic fowl were practically dupli- 
cated, as far as the available data permitted, with the rat, guinea pig, 
cow, sheep, and domestic pig The data of the rat are of special 
mterest on account of the break m the curve at birth as shown m 
Fig 9 It IS probable that there is a break m the curve at birth m 
aU classes of animals 

The curve of man differs m several important respects from the 
curve of animals The curve of man requires a more extensive dis- 
cussion than can be given at this time For this reason a separate 
paper wiU be devoted to the growth curve of man 
The curve of plants is similar to that of animals However, the 
madequacy of the data and the relatively large experimental errors 




Days 0 2 4 6 6 10 12 14 16 18 2D 
IncubatlmA^ 

Fig 7 The course of increase m chemical constituents m the chick embryo 
with advancmg age The sources of data are mdicated on the chart (compare 
with Figs S and 6) 
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Fia 8 The effect of tcmpcnitnre on the couae of growth of the chick embryo 
(E. W Henderson and S Brody) 


Weight, 
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involved in the investigation of plant matenals do not permit fonnu 
lating conclusions as defimte as with animals 
Fig 10 shows the course of growth of the wheat hemel The de 
velopment of the seed corresponds, m time, to the prenatal growth in 



anunals However, it so happens that m the wheat kernel the cm 
biyo 13 a small fraction of the whole seed (about one- thirteenth), 
and so the data represent more than embryomc growth 
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Fig 11 represents the period of independent growth of the maize 
plant The segment preceding flowering corresponds to the juvenile 
period m animals, and as in animals, the percentage rate of growth is 
constant The inflection occurs at the time of flowering, which cor- 
responds to puberty in animals The major inflection in the curve 



Fig 11 The course of growth of the maize plant (note that the neck is the 
unit of tune m this case) 


mvanably occurs at the time of flowenng in higher plants, and at 
puberty m higher animals 

Figs 12 and 13 represent, respectively, the growdh of bacterial and 
human populations The rate of growth is constant during the 
period precedmg the major mflection 

As to the bearmg of this work on the problem of growth cycles, the 
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situation, as it appears to the wnter, is as foIloTvs All curves pass 
through an inflection which joms the stnctly self-accelerating phase 
with the stnctly self inhibiting phase of growth For this pcnod, 



Fio 12, The coune of growth of B coli at ST^C in a given volome of broth 
(data from Eipcnmcnt 7 of McKendrick and Paf) The value of b, 1 85, indi 
cates the population of bacteria Inaeaics at 1,85 per cent per hoar That £s, the 
population doubles itsdf every 69/1,85 - J7 hours or 22,2 minutes Following 
the Sth hour, the percentage rate of growth is constant with respect to the growth 
yet to be made, 

which IS relatively short, equation (6), the *‘autocatalytic’^ equation 
of Robertson, or the ^logistic” equation of Pearl, can be fitted satis- 
factorily, especially, if a constant, or constants, is employed to com 
pensate for the asymmetric nature of the curve This equation can 
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not, however, be satisfactorily fitted to the infantile (except in man), 
or to the juvenile cycle 



Fig n The course of growth of the human population m the American Col- 
onies and m the United States The percentage rate is constant from 1660 to 1870 
From 1870 on, the percentage rate declines m a manner mdicatcd by the preced- 
mg figure on the growth of bacteria k <= 029, the population increased 2 9 per 
cent per year, or 29 per cent per decaded, or it doubled itself once in 693/ 029 ■= 24 
years (Plotted from data bv Rossiter, W S , A centurj' of population grow th m 
the United States Bureau of the Census, United States Department of Commerce 
and Labor, Washington, 1909) 

What we appear to have during the phase of growth preceding the 
inflection is a series of segments during each of which growth takes 
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place at a constant percentage rate These segments are separated 
by breaks, analogous to the breaks m the curves of cold blooded am- 
mab when undergomg metamorphosis The present need is for 
growth data taken at shorter mtervab in order^to ascertain definitely 
the presence of breaks, and for an mvesbgaUon of the threshold 
mechanisms bnngmg about these breaks, if there are such 



Fio. 14 The daily gain* in weight of the rat plotted against age. The curve 
appears to have three cydea. 


When the increments (time rates) are plotted against age, as shown 
in Fig 14, there appear to be several cycles precedmg the major 
inflection, as a matter of fact, the drops m the curve are not portions 
of cycles but breaks between successive stages of constant growth 
rates, as shown in Fig IS 
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The two major segments are not symmetncal about the major m 
flection The slope of the segment following the inflection is always 
less than the slope of the segment preceding the inflection The 
major inflection does not occur m the center of the growth curve 

The instantaneous rate of growth at the beginning of growth is of 
the order of 100-200 per cent per day the body weight is doubled 
in from 7 to 17 hours) It may be mentioned that 2 months after 
conception the rate of growth m man is only 8 per cent per day This 
IS contrary to all the published statements Thus Minot concluded 
that growth begins at 1000 per cent per day, JacLson concluded that 
m man, growth dunng the 1st month takes place at 57^ million per 
cent per month, dunng the 2nd month 990 per cent per month, 
dunng the 3rd month 390 per cent per month (8 per cent per day is 
only 240 per cent per month) The reason for the discrepancy be- 
tween the values denved, by the method adopted by the writer, and 
the values given m the hterature is eaplamed by Fig 1 

This paper is a bnef s umm ary of Research Bulletins, 97, 98, and 
99, of the Umversity of Missoun Agricultural Eipenment Station, at 
present m press The reader must be referred to these bulletins for 
detailed discussions relatmg to questions that may not have been 
made clear m this paper 

Addendum — Since this manuscript was submitted for publication the writer 
had the privilege of discussing its subject matter with Do E B Wilscm C. IL 
Stockard, and Ik IL Donaldson aH of whom expressed approval of the two princi- 
pal Ideas. Dr Wilson called attentioii to a paper by G EL Knibbs on the Laws 
of population growth which appeared (on January 8) in the Journal of the Aneri 
can StoHsUcal Assoctalton 1926 xn, 381, subatnntiathig in principle one of the 
two prmdpal ideas of this paper namely that in the early history of a population 
the percentage rate of growth is constant Dr Stockard called attention to the 
fact that the peak on the mortalitv curve of the chick (Fig 3) at 5 days Is a conn 
terjiart of the peak m the prenatal mortallt} curve in man at 3 months. This fa 
the jimction between the embryonic period (formation of organs) and fetal period 
(enlargement of body and organs) The nature of the growth pro cess in the two 
stages fa quite different, and It is not, therefore surprising to find a high mortality 
(and break in the growth curve) at this time. 
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THE KINETICS OF EXOSMOSIS OF WATER FROM 
LIVING CELLS 

By MORTQK McCUTCHEON akd BALDWIN LUCKE 
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and the Marxne B^dogical Laboratory Woods Hole ) 
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In previous comnnmicatious data were presented on the rate with 
which water enters hving cells (the unfertilised egg of Arbacta punc- 
iulaia) under the driving force of osmotic pressure (1, 2) The pres- 
ent paper is concerned with the reverse process— eiosmo sis of water 
The matenal and technic of the experiments were the same as 
formerly employed 


The Kinctta of Exomosis 

The first pomt was to determine whether eiosmosis follows the same 

dx 

diffusion equation as does endosmosls, namely k{a — x)^ where 

a IE the total volume of water that will cross the membrane before 
equflibnum is established, x the amount that has already crossed at 
time /, and k is the vcloaty constant For this purpose, eggs were 
placed m a dish contammg 60 per cent sea water (sea water 60 parts, 
and distilled water, 40 parts) In this hypotonic solution, eggs were 
allowed to swell imtil osmotic equiUbnum was attamed A number 
of eggs were then transferred to a second dish contaiiung full strength 
sea water (100 per cent sea water) Three cells were measured with 
an ocular screw rmciometer at mmute mtervals, until they had agam 
reached osmotic equilibnum Dupheate observations were usually 
made by the two observers The mean volumes of 6 or more cells 
were plotted against times, and a curve ob tamed, as is shown m 

Fig 1 In the same graph, log ^ is plotted against times This 

plot IS found to give a strai^t line, the slope of which is k^ the 
velocity constant 
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